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ABSTRACT

The wireless communication sector is rapidly approaching network capacities as a direct
result of increasing mobile broadband data demands. In response, the Federal
Communications Commission allocated 71-76 GHz “V-band” and 81-86 GHz “W-band”
for terrestrial and satellite broadcasting services. Movement by the telecommunication
industry towards W/V-band operations is encumbered by a lack of validated and verified
propagation models, specifically models to predict attenuation due to rain. Additionally,
there is insufficient data available at W/V-bands to develop or test propagation models.
The first aim of this study was the successful installation and operation of a terrestrial
link to collect propagation data at W/V-band frequencies. In September 2015, the
University of New Mexico, in collaboration with the Air Force Research Laboratory’s
Space Vehicle Directorate, NASA’s Glenn Research Center and industry partners
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including (ACME, Applied Technology Associates, and Quinstar Technologies, Inc.)
established the W/V-band Terrestrial Link Experiment (WTLE). WTLE was installed in
the Albuquerque metro area with persistent tonal transmissions at 72 GHz and 84 GHz on
a 23.5 km slanted path.
The second aim of this study was the utilization of the National Weather Service’s Next
Generation Weather Radar (NEXRAD) system data to statistically estimate attenuation
due to rain at 72 GHz. NEXRAD data provides a distributed sense of rain rates along
WTLE’s path and alleviates challenges associated with instrumenting the 23.5 km link.
Furthermore, NEXRAD data alleviates the need to develop complicated routines using
in-situ meteorological measurements to estimate the size of the rain cell affecting the
link. Non-linear regression techniques were applied on 2017 monsoon season data to
obtain rain rate power law model coefficients. Testing of these coefficients was
conducted on 2018 monsoon season data with satisfactory results.
The techniques employed in this analysis represent a significant advancement in the
ability to predict attenuation due to rain at 72 GHz for terrestrial links by enabling the use
of historical archives of publicly available National Weather Service NEXRAD data. The
technique has promising potential for estimation of path attenuation due to rain for links
other than WTLE because of the vast nationwide coverage provided by NEXRAD
systems.
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CHAPTER I: INTRODUCTION
Mobile broadband services have seen an exponential increase in bandwidth demands
since the advent of the smartphone [2]. This demand is generated by the simultaneous
interplay of (1) increasing ownership of mobile broadband devices [3], (2) an exponential
growth in network speeds [4], and (3) the ubiquitous use of data-hungry mobile
applications from social media (Facebook, Instagram, Snapchat, etc.) to video streaming
applications such as (YouTube, Netflix, Hulu, etc.) [5]. As a direct result of the
increasing demand for mobile broadband data, the wireless communication sector is
rapidly approaching network capacities [6], and the growth rate of mobile broadband is
projected to continue on an exponential scale [4]. To keep up with the growing demands,
mobile network providers have three general strategies for expanding mobile network
capacities. The first is the adoption of advanced digital processing techniques such as 4G
and 4G LTE, that more efficiently use the available spectral and provide higher
connection speeds. The second is the installation of additional base stations (radio
towers) to increase the available spectrum for a given geometric area. Lastly, the third is
the use of un-utilized spectrum allocations that are available.
In 2002 the Federal Communications Commission (FCC) allocated the 71-76 GHz “Vband” and the 81-86 GHz “W-band” for both terrestrial and satellite broadcasting
services. In response, Radio Frequency (RF) component and equipment developers have
begun fabricating products to exploit this relatively untapped potential. Albeit, with
wavelengths that are comparable to the size of the circuit components [7], 4.08 mm at

1

73.5 GHz and 3.59 mm at 83.5 GHz, components that operate at W/V-bands cost
significantly more relative to lower frequency RF devices.
Movement by the telecommunication industry towards operations within the W/V-bands
is encumbered by a lack of validated and verified propagation models, specifically
models to predict attenuation due to rain. These models typically allow microwave
communication system designers to optimize the trade-space balancing desired channel
availability with system implementation costs. If the system designer has low confidence
in the model prediction, the only alternative is to increase the power output of the system
to provide adequate margin to meet the desired link availability. Given the high cost of
RF componentry at these frequencies, the resultant system may be prohibitively
expensive to realize for large scale commercial implementation.
The first aim of this study was the successful installation and operation of a terrestrial
link operating at W/V-band frequencies because there is limited data currently available
to develop propagation models at W/V-bands. The University of New Mexico (UNM), in
collaboration with the Air Force Research Laboratory’s Space Vehicle Directorate
(AFRL/RV), NASA’s Glenn Research Center (NASA/GRC) and industry partners
including (ACME, Applied Technology Associates (ATA) and Quinstar Technologies,
Inc.) established the W/V-band Terrestrial Link Experiment (WTLE). WTLE was
installed in the Albuquerque metro area in September 2015, with persistent tonal
transmission at 72 GHz and 84 GHz on a path length of 23.5 km.
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The second objective of this study was the development of a model to estimate
attenuation due to rain at W/V-band using propagation data acquired with WTLE. While
several rain rate power law models exist, there is no consensus on the coefficients that are
applicable at W/V-bands. Because the wavelength at W/V-bands falls within a typical
rain Drop Size Distributions (DSD) [8, 9], rain attenuation models at these frequencies
are particularly sensitive to accurate measurement of rain along the propagation path. The
problem is compounded at higher rain rates as there is increasing spatial variability of the
DSD and an increase in the number of drops in the 3 to 4 mm range. However, it was not
feasible to sufficiently equip WLTE’s 23.5 km path length with enough devices to
measure the rain on the path and achieve this second objective with equipment. This
research focuses on utilization of data from the National Weather Service’s (NWS) Next
Generation Weather Radar (NEXRAD) to acquire rain rate data distributed along the
entire path in order to produce a model that produces a statistically accurate estimate of
path attenuation due to rain when compared with WTLE observations. The technique has
promising potential for estimation of path attenuation due to rain for links other than
WTLE because of the vast nationwide coverage provided by NEXRAD systems.
Chapter II begins with an overview of propagation models, how the models are created,
and how they may be leveraged by communication system designers to meet availability
goals. A discussion follows regarding the physical and logistical limitations of adequately
instrumenting the WTLE propagation path with meteorological equipment, and use of the
NEXRAD system is proposed as a solution for providing a distributed rain measurement
along the entire path. The chapter continues with a brief description of the NEXRAD
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system and the types of data that are publicly available. Finally, the chapter concludes
with a synopsis of a literature review that was conducted to identify previous and ongoing
propagation experiments conducted at or near W/V-band frequencies. Findings from the
literature review indicate a lack of agreement in the coefficients that should be used
within the rain rate power law model to estimate attenuation due to rain at W/V-bands.
In Chapter III, WTLE is discussed at length beginning with a description of the link
geometry and how the receiver and transmitter installation sites were selected. Using
some notional receiver and transmitter design specification a link budget is generated to
provide an estimate of the nominal “clear day” channel performance and ensure that
adequate clear day link margin is available to measure channel dynamics during deep rain
fade events. The discussion continues with detailed descriptions of the transmitter,
receiver and meteorological equipment installed for the propagation campaign. Specifics
are provided on the acquisition of data for the W/V-band receivers in addition to the
meteorological instruments. To ensure reproducibility of the analysis conducted in
Chapter IV a full disclosure is provided of the routines implemented to pre-process the
receiver observations, the meteorological measurements, and the NEXRAD data.
Results of the analysis that was conducted to develop the necessary routines for
estimating attenuation due to rain at V-bands using NEXRAD rain rate data are provided
in Chapter IV. The analysis begins with correlating in-situ disdrometer measurements to
power levels recorded on the V-band receiver. While a positive correlation was found,
the relationship had an exceptionally low coefficient of determination value, supporting
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the hypothesis that WTLE is insufficiently equipped to measure rain on the path. The
disdrometer rain rate measurements were then compared with NEXRAD rain rate data,
and statistical similarity was shown at the receive site, while large discrepancies were
observed at the transmit site. An investigation into the discrepancy at the transmitter site
was conducted, and a geophysical filter was established to remove suspect NEXRAD
data. Using the well-conditioned database, a widely used rain rate power law model
recommendation from the International Telecommunication Union Radiocommunication
Sector (ITU-R) [10] was applied to the NEXRAD data to compute estimated attenuation
on the WTLE path. The attenuation estimates were compared with V-band receiver
attenuation observations, and it was found that the model recommended by the ITU
slightly underestimates low-level attenuations and vastly overestimates higher
attenuations, in some cases by more than 50 dB.
Concluding remarks are provided in Chapter V. Including a summary of lessons learned
encapsulating the entire experimental process from troubleshooting conducted on the RF
equipment to techniques that were developed to facilitate the development of the
attenuation estimation model utilizing NEXRAD rain rate data. Lastly, recommendations
are provided to use the WTLE database for future W/V-band propagation modeling.
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CHAPTER II: BACKGROUND/LITERATURE REVIEW
II.1 Propagation Models
Atmospheric propagation models attempt to provide a means of estimating phenomena
associated with electromagnetic wave propagation to meteorological variables that are
measurable, such as temperature, pressure, relative humidity and precipitable
hydrometeors (rain, snow, graupel, hail, etc.). The models allow for calculations of the
fluctuation in phase, losses due to depolarization or cross-polarization, attenuation due to
scattering and absorption, and signal fade duration to name a few. Propagation models
are rooted in electromagnetic propagation theory and stem from Maxwell’s Equations, a
specific example is Mie scattering theory [11], which is implemented to model
propagation through rain. Field experiments with RF equipment are used to further
develop and refine propagation models by correlating meteorological equipment
measurements with signal fluctuations. Empirical propagation models rely heavily on
adequately equipping the propagation path with meteorological equipment.
With regards to attenuation estimations, the level of attenuation is relative to a baseline
“clear air day” reference that includes: transmitter (Tx) radiated power level relative to an
isotropic radiator, “free space loss”, nominal losses due to atmospheric gases, receiver
(Rx) antenna gain, gains (or losses) and thermal noise introduced by Rx front end RF
components, and signal processing gains.
On a side note, “free space loss” is not a physical phenomenon such as absorption or
scattering. It is a factor related to the spread of energy that is nonlinearly related to the
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propagation distance and assumes the transmitted signal is emanating from an isotropic
radiator. In this manner, it is a notional loss that when combined with the “gain” of the
receiver antenna allows engineers to account for the end-to-end propagation losses by
converting the losses to decibels and adding them together. This simple tool is used inlieu of calculating the irradiance level [W/m2] at the receiver and then multiplying by the
effective area [m^2] of the Rx antenna aperture.
Communication system designers have an interest in propagation models that provide
long term availability statistics. Availability, which is often used interchangeably with
reliability, may be described as the percentage of a year that a communications system is
expected to operate functionally by providing desired levels of data throughput.
Availability curves are typically drawn with the abscissa as the percentage of time and
with either the total attenuation [dB] or specific attenuation [dB/km] as the ordinate axis.
In this manner, RF engineers may perform trades for system cost and desired availability
and ensure the communications system has been designed with enough margin to operate
through a variety of adverse weather conditions.
To account for atmospheric attenuation when designing terrestrial communication links,
models are available that account for gaseous absorption, clouds/fog, and precipitable
hydrometeors. Model outputs from the three distinct and separable phenomena are
combined to provide an overall estimate of atmospheric attenuation, and a discussion on
each ensues below.
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II.1.i

Gaseous Absorption

Attenuation due to gaseous absorption is dependent on temperature, pressure, and relative
humidity or water vapor density. In short, it accounts for the reduction in signal due to
heating of the atmosphere due to stimulation of various oxygen and water molecules. The
gaseous attenuation model provided in Recommendation ITU-R p.676-10 is generally
accepted as the industry standard, whereby measurements of temperature, pressure, and
relative humidity are used to calculate specific attenuation. The Recommendation
includes absorption due to dry air and water vapor and has been validated for frequencies
up to 1000 GHz [12].
It may be noted that for long-distance communications links, meteorological
measurements should be acquired at intervals along the path. If the link happens to reside
nearby a radiosonde launch site that data may be used to obtain a vertical profile of the
atmosphere. Otherwise, measurements taken by equipment located at a receiver or
transmitter site may be extrapolated to obtain a vertical profile using the ITU-R reference
standard atmosphere recommendation [13].
II.1.ii

Clouds/Fog

Clouds and fog are comprised of small water droplets or ice crystals that form when the
surrounding atmosphere becomes saturated with water vapor and condenses onto
aerosols. Due in part to the saturated water vapor density, the gaseous attenuation model
is no longer applicable, and a separate model must account for attenuation due to
propagation through clouds or fog. The ITU-R has provided a recommendation for
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estimating attenuation due to clouds and fog that utilizes a Rayleigh scattering
approximation, specifically ITU-R P.840. It uses measurements of the liquid water
density [g/m3] in the cloud and has been validated for frequencies below 200 GHz [14].
The estimate is dependent on the accurate measurement of water vapor density within the
cloud.
II.1.iii

Precipitable Hydrometeors

Attenuation by precipitable hydrometeors (raindrops, snowflakes, graupel, and hail) is
caused by both absorption and scattering, as illustrated in Fig. 1.

Fig. 1. Illustration of attenuation due to rain accounting for both absorption and scattering. Source:
https://aapsblog.aaps.org/2013/01/09/pitfall-in-determination-of-particle-sizes/

Models that account for precipitable hydrometeors fall into two general forms. The first
is a theoretical approach that assumes a uniform random distribution of spheroidal
particles and applies Mie scattering theory. The second is a model that directly relates
specific attenuation, A, to rain rate, R, in the form of the power law relationship given in
(1).

𝐴 = 𝑎𝑅 [

]
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where both 𝑎 and 𝑏 are functions of frequency, the theoretical raindrop size distribution,
and the temperature of the rain. It has been shown that the power law model in (1)
approximates the theoretical Mie scattering model [15]. A simplified derivation of the
power law from the Mie model follows.
The Mie rain attenuation model makes direct use of the Drop Size Distribution (DSD)
and is given as

𝐴 = 4.343 ∫ [𝜎

(𝐷)𝑁(𝐷)]𝑑𝐷 [

]

where 𝐷 [𝑚𝑚] is the drop diameter, the DSD is 𝑁(𝐷) [𝑚 𝑚𝑚


] and is the

normalized quantity of drops per unit volume and unit drop size interval, and 𝜎

[𝑚𝑚 ]

is the extinction cross-section. Mie scattering theory is used to calculate the extinction
cross section of a single particle given the complex refractive index as follows.

𝜎

(𝐷) =

𝑅𝑒 ∑

(2𝑛 + 1)[𝑎 + 𝑏 ]



where 𝑎 and 𝑏 are defined as functions of the drop diameter D, the wavelength 𝜆, and
the complex refractive index ε. To use the Mie rain attenuation model for correlation with
a propagation experiment either a sophisticated rain monitoring device must be used, or a
theoretical distribution must be assumed that correlates measured rain rate with the DSD.
Marshall and Palmer proposed that the DSD may be approximated by a theoretical
distribution having a negative exponential form, as in

𝑁(𝐷) = 𝑁 𝑒

, Λ = αR
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where 𝑁 , α, and β are constants [8]. This approximation may lead to large errors in the
Mie attenuation model due to the exponential relation between rain rate and DSD.
At this juncture, the parameter Λ leads to the familiar form of the power law relation
given in (1) once the infinite series in (3) and the DSD of (4) are substituted into (2). The
resulting equation is given as

𝐴=𝑎𝑅

1+∑

𝑐 𝑓 𝑅

[

]



and the power law relation is now prominent in the first term of (5). The simplified
version of (1), 𝐴 = 𝑎𝑅 , results when the when the bracketed term of (5) is
approximated within the variables 𝑎 and 𝑏. The power law model of (1) is significantly
less complicated to implement than the full Mie scattering model of (2) and offers the
distinct advantage that it only requires rain rate measurements, or statistical rain rate
estimates that are available from the ITU-R.
Recommendation ITU-R P.838 is the preeminent rain rate power law attenuation model
providing suggested values for the variables 𝑎 and 𝑏 for propagation frequencies from 1
to 1000 GHz. The coefficients have been derived empirically using a database that
includes 100,000 measurements taken with 1326 different paths [10].
A method for predicting long term rain attenuation on terrestrial links is given in
Recommendation ITU-R P.530-15, and it attempts to correct for errors associated with
the power law model by providing an estimate for the effective path length, 𝑑
propagation link
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where d is the actual path length, f is operating frequency [GHz], 𝛼 is the exponent in the
specific attenuation model from ITU-R P.838, and 𝑅

.

is the rain rate [mm/hr] exceeded

for 0.01% of the time (with an integration time of 1min), which may be obtained from
direct measurements or ITU-R P.837 [16].

II.2 Consideration for the Use of Propagation Models
The database used by the ITU-R to build model recommendations is a collection of
propagation experiment data for which the operating frequencies are between 6 and 30
GHz. For the rain attenuation model, the ITU-R implements extrapolation techniques to
provide estimates for 𝑎 and 𝑏 at higher frequencies. In Fig. 2 a direct comparison of
several 𝑎 and 𝑏 recommendations are plotted, and it can readily be seen that the models
diverge rapidly with a discrepancy of 5 dB/km at a rain rate of 20 mm/hr. The similarity
of the ITU-R models with that of the “Olsen1978,LP” models may be noted in Fig. 2,
indicating that the ITU makes use of the Laws-Parsons (LP) DSD model as opposed to
the Marshal-Palmer (MP) or Joss-Thunderstorm (J-T) models. Whereas, in [17]
disdrometer measurements were analyzed and it was observed that Albuquerque, NM has
a unique drop size distribution that is not well characterized by either MP or LP DSDs.
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Fig. 2. 𝑎𝑅 rain rate model comparison at 72GHz, exemplifying discrepancy at 20 mm/hr rain rate

The model divergence that is shown in Fig. 2 is most likely due to an increase in raindrop
size distribution sensitivity as the operating wavelength approaches the raindrop
diameter. Typical raindrop sizes span from 0.5 to 5mm [8] and, for reference, at 72 GHz
the wavelength is 4.2 mm, while at 84 GHz the wavelength is 3.6 mm. Furthermore, at
higher rain rates there is an increase in the number of drops in the 3 to 4 mm range. These
models have not been validated at 72 or 84 GHz, and it is not currently possible to
produce reasonable rain attenuation estimates to facilitate the design of communication
systems to meet availability requirements with a high degree of confidence. The lack of a
validated model and propagation campaign data are the primary driver for the installation
and operation of the W/V-band Terrestrial Link Experiment (WTLE).
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II.3 Previous & On-Going Propagation Experiments
In this section, a synopsis is provided to summarize the results of a literature review to
locate information on previous and on-going propagation experiments.
A measurement campaign was conducted in Cambridge, MA, and Berlin-Charlottenburg,
Germany from 1969 to 1970 with operating frequencies of 52 GHz, 90.8 GHz, and 150
GHz. Equipment was located 60 m above ground level on a propagation path length of
1,008 m. Rain rate measurements were taken at 3 points along the path by two
instruments: a rain gauge with an enlarged collection area of 1000 cm 2, ten times the
standard at the time, and by a “rain analyzer” that enabled DSD measurements. Good
agreement was shown between the DSD measurements when compared with the LP
DSD. Least squares fitting parameters for the 𝑎𝑅 power law relationship, where R is the
rain rate and both 𝑎 and 𝑏 are functions of frequency and rain temperature, were provided
for each operating frequency. Fitting parameters at 90.8 GHz, a=1.31 & b=0.68, were
compared with theoretical relation between D and R using the LP DSD and results
showed an over-estimation of attenuation at lower rain rates and under-estimation at
higher rain rates [18].
Results from a measurement campaign conducted in China were published in 2006 with a
230 m link operating at 35 GHz, and another 390 m link operating at 103 GHz. The
research focused on the ability to estimate attenuation due to rain using various DSDs. It
was concluded that the Crane rain attenuation model in conjunction with the Weibull
DSD provided a good fit to the experimental data [19]. After reviewing the article, the
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following observations are noted: it is unclear what instrument was used to record the
rain, and the curve fit using the Weibull distribution appears to begin underestimating
attenuation at rain rates above 85 mm/hr.
A measurement campaign initialized in 2009 in Budapest, Hungary and the research
focused primarily on fog attenuation at V-band and the application of a newly designed
fog sensor capable of measuring liquid water content. Accurate attenuation predictions
were achieved using the fog sensor data. The fog sensor utilized transmission of infrared
light pulses with an optical sensor located off-axis to receive any light reflected by
material located between Tx and Rx apertures. The principle used by the instrument is
nearly identical to the visibility sensor that is installed at the WTLE Tx site. Notably, it
was found that attenuations of 2 dB were observed on a 3.5 km link during dense fog
conditions. The authors calibrated fog sensor readings by using the ITU-R
recommendation, ITU-R P.840, for the estimation of attenuation due to fog [20].
Results from a measurement campaign conducted in Helsinki, Finland that used a
wideband link operating over the entire W-band, 81-86 GHz were published in 2010. The
research focused on measuring multipath characteristics for two propagation scenarios:
(1) roof to street and (2) a “street canyon.” Multipath signals were observed by the
receiver even when highly directive antennas were used [21].
A measurement campaign was initialized in 2007 in Oslo, Norway with operating
frequencies of 42.1 and 82.5 GHz over several path lengths from 2.4 to 5.6 km. The
research focused primarily on fade durations, where it was noted that a double lognormal
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distribution was found to provide a good fit to the experimental data [22]. A second
measurement campaign was conducted by the same group in Oslo in 2011, using three
separate systems operating at 83.5, 84.626 and 82.127 GHz. Characteristics of rain
attenuation and an associated reduction in bit-rate are presented, and it was concluded
that the ITU-R rain attenuation model, ITU-R P.838, underestimated when compared
with observations [23]. In this paper, researchers used rain rate data from a tipping bucket
that was located at a “nearby” meteorological office.
A measurement campaign was conducted in Atsugi, Japan from March to December
2008, operating a wideband modulated system at 120 GHz on a 400 m path. A weather
station was installed at the Tx site, and the authors indicated that an intelligent multivariable sensor was used to measure rain and visibility. In the picture that was provided,
it appears that they have a tipping bucket and a visibility sensor like the one located at the
WTLE Tx site. The group investigated the accuracy of the rain rate measurements by
comparing them with several theoretical cumulative distribution models and found that
the date agreed well with a conditional M distribution. Data used in the analysis for the
paper included wet antenna effects, and a superhydrophobic coating was applied to the
radome afterward. A comparison was conducted between measured attenuation data and
an estimation making use of the 𝑎𝑅 rain attenuation model. They found that that for the
annual cumulative distribution statistics, as opposed to the heavy rain period only, the
model agreed quite well with the measured data when they applied coefficients from
either the light or heavy LP DSD parameters or ITU-R P.530 [24]. In a follow-up paper
published by the same group in 2012, additional data was added to the cumulative
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distribution plots for both rain rate and specific attenuation. In both cases, they obtained
good fits using the conditional M distribution for the rain rate plot and using the ITU-R
P.838 model for estimating specific attenuation due to rain [25].
A measurement campaign with operating frequencies at 73 and 83 GHz over a 500 m
horizontal path was conducted in Korea in 2012. The focus of the paper was on the
comparison of experimental data with the ITU-R P.838 rain attenuation model using rain
rate measurements from an ORG-815 optical rain gauge. The ITU-R model appeared to
overestimate attenuations at the highest rain rates when compared with the experimental
data at 73 GHz. Unfortunately, an analysis of the 83 GHz data was not included [26].
A measurement campaign was conducted for two years in Madrid, Spain from 2009 to
2011 with operating frequencies of 73.5 and 83.5 GHz on a horizontal path of 840 m. The
research focused primarily on the statistical characterization of rain attenuation models in
comparison with observations. Of note, is the use of an exponential function to remove
wet antenna effects. Rain attenuation models from the ITU-R P.838, Silva Mello-Pontes,
and Matricciani were all used to generate attenuation estimates from DSDs measured by
both a Thies Clima laser precipitation monitor (aka disdrometer) and a 24 GHz verticalpointing Doppler radar. Excess attenuation due to rain was calculated by subtracting the
received signal level from a “reference” template. However, there is no discussion on
what was used as a reference. The best predictive results were obtained using the DSD
provided by the disdrometer in conjunction with Mie scattering theory, with an increase
in the error at the lowest time percentages for which few data points were available. The
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Matricciani model based on the Synthetic Storm Technique provided good results for the
entire range of time. The Milles-Silva equation over-predicted attenuation for all
exceedance conditions at both 73.5 and 83.5 GHz [27]. A second paper published in 2014
from this group included statistics from concurrent horizontal links operated at 38 and 85
GHz. Again, predictions using DSDs provided by the Thies Clima disdrometer provided
the best results and over-estimated at the lowest time percentages, highest rain rates. At
the higher rain rates, it was theorized that the issue was a breakdown in the assumption
that there was a homogeneous rain rate across the entire path [28].
A measurement campaign was conducted in Prague, Czech Republic from Dec-2007 to
Nov-2008, and the authors correlated hydrometeor type to specific attenuation at 58 and
93 GHz over an 853 m path length. Hydrometeor types were categorized as rain, rain
with snow, snow, fog, fog with rain, fog with snow, and fog with rain and snow. They
concluded that the ITU-R P.838 model was useful for attenuation due to rain only. The
ITU-R P.838 model underpredicted attenuation due to rain for all time percentages with
up to 10 dB difference at the highest attenuation levels. Good agreement was found when
the authors compared rain rate cumulative distribution curves between measurements and
ITU-R estimations, providing some legitimacy to the tipping bucket measurements [29].
In a paper published in 2014, the same group added a link operating at 122 GHz on the
853 m path. This paper documented findings for the first several months of the campaign.
The research focused on producing a model to correlate the rain rates measured at 1-s
intervals using a tipping bucket and observed attenuation. It was found that no significant
difference in observed attenuation existed when comparing 94 GHz data with 122 GHz
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data [30]. A follow-up paper published by this group in 2016 includes data collected from
May-2013 to April-2014. The worst month and annual statistics show that the specific
attenuation at 94-GHz was higher than the link operating at 122 GHz with the following
caveats: the link lengths are different, and each system had a measurement error of 1 to 2
dB. Coefficients for the 𝑎𝑅 power law model were provided at each operating
frequency. Finally, it was observed that heavy rains produced stronger attenuations than
snow [31].
While it appears that a slew of research has been conducted at or near W/V-band
frequencies, there was disagreement in the results provided for rain rate power law
attenuation model coefficients. Additionally, many of the articles offered insufficient
descriptions of the equipment setup or the analysis techniques that were conducted to
ascertain the validity of the conclusions. Only two articles [28, 24] mention antenna
wetting as a source of error when calculating the attenuation observed. The lack of a rain
attenuation model consensus in conjunction with the lack of available propagation
experiment data provides a good rationale for installation of WTLE.

II.4 Considerations for Equipping Propagation Experiments
It is essential that meteorological conditions are well monitored along the propagation
experiment link. In the Albuquerque area, it is more likely to encounter small rain cells
passing through the city and atypical to encounter a rain event that encompasses the
entire metropolitan area. An example of a typical rain event passing through Albuquerque
is shown in Fig. 3.

19

Fig. 3. Example of rain cell observed within the Albuquerque metro area.

This rain event would not be captured with the installation of meteorological devices
solely at the Rx and Tx sites. Logistically, it is not feasible to sufficiently equip WTLE’s
23.5 km path length with enough meteorological monitoring stations to provide adequate
rain measurements along the path. While filtering may be implemented to ensure the
analysis only includes times when a disdrometer measures rain, there are some
considerations for the resultant subset of data: 1) the subset is still likely to include times
when rain cells are present elsewhere on the link, and 2) given the lack of a validated rain
attenuation model, numerous assumptions would be required to estimate the physical
distance that the link is impacted by rain. These issues have precipitated an investigation
into the utilization of data from the National Weather Service’s (NWS) Next Generations
Weather Radar (NEXRAD) to provide a distributed estimate of the rain rate along the
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entire path and eliminate the need to estimate the effective path length. The technique has
promising potential for estimation of path attenuation due to rain for communication links
on paths other than WTLE because of the vast nationwide coverage provided by
NEXRAD systems.

II.5 NEXRAD System Description
In the United States, the National Weather Radar Network consists of 159 Weather
Surveillance Radar-1988, Doppler (WSR-88D) sites distributed throughout the US and its
territories. The network and individual radar sites are informally known as the Next
Generation Weather Radar (NEXRAD). Operations, maintenance, data collection, data
processing, and data dissemination of the NEXRAD network is a tri-agency
responsibility, specifically the Department of Commerce, the Department of Defense, and
the Department of Transportation. The Radar Operations Center (ROC) is in Norman,
OK. Each NEXRAD system has two operational modes: Clear Air and Precipitation.
Each mode has one data product generation list and at least two Volume Coverage
Patterns (VCPs). A VCP is the volumetric sampling procedure and the sweep time can
vary anywhere from 5 to 10 min. Automatic selection of the operational mode and VCP
is closely related to the detection of precipitation in the radar’s coverage area. As with the
operational mode and VPC, the data resolution is based on the meteorological conditions,
with the finest resolution at 0.5° azimuthal by 250 m range [32]. Each NEXRAD system
operates in the S-band from 2700 to 3500 MHz with simultaneous dual linear
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polarization at a transmit power level of 700 kW providing a 250 km measurement range
[33].
Radar data is available from archives hosted by the National Center for Environmental
Information (NCEI). NEXRAD data products are categorized into four levels: Level I
(Analog, time-domain output from the receiver), Level II (digital base data output from
the signal processor), Level III (base products and derived products), and Level IV (user
selectable base and derived products). Rain rate data is derived using the Quantitative
Precipitation Estimation (QPE) algorithm and is contained within the Level III data
products. Of note for this project, the Digital Instantaneous Precipitation Rate product
(DPR) is available for every completed VCP scan.
Limitations of the QPE are: 1) it is highly dependent on differential reflectivity
calibration, and 2) increased error if the assigned hydrometeor classification is invalid
[34]. To estimate rain rates the QPE algorithm uses an approximation to the Mie
scattering theory, which assumes spheroidal particles. During instances of high rain rates,
the number of large drops increases and it has been shown that the QPE algorithm tends
to overestimate the rain rate when compared with simultaneous disdrometer
measurements. Conversely, during periods of lower rain rates where the DSD skews
towards smaller drop sizes the QPE algorithm has been shown to underestimate the rain
rate [35].
Several approaches have been considered to address errors associated with the QPE
output and provide enhanced algorithms for the estimation of rain rates. Ryzhkov et al.
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have suggested that the utilization of specific attenuation within the QPE algorithm
would enhance both the accuracy and bin-to-bin smoothness of the estimation [36].
Trömel et al. showed that path integrated attenuation observed on commercial backhaul
links might be used to optimize the specific attenuation algorithm introduced by Ryzhkov
[37]. To date, none of the suggested QPE algorithm enhancements have been
implemented. No research articles were found that provided a comparison between
NEXRAD rain rate data and disdrometer measurements in Albuquerque, NM.
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CHAPTER III: METHODS
III.1 Experimental Setup
In September 2015, the University of New Mexico (UNM), in collaboration with the Air
Force Research Laboratory’s Space Vehicle Directorate (AFRL/RV), NASA’s Glenn
Research Center (NASA/GRC) and industry partners including (ACME, Applied
Technology Associates (ATA) and Quinstar Technologies, Inc.) established the W/Vband Terrestrial Link Experiment (WTLE). WTLE was installed in the Albuquerque
metro area with persistent tonal transmission at 72 GHz, V-band, and 84 GHz, W-band,
on a path length of 23.5 km. The objective was and is to build atmospheric propagation
models that correlate signal attenuation to climatic factors and conditions [38]. The
Receiver (Rx) is installed on the roof of the Configurable Space Microsystems
Innovations and Applications Center (COSMIAC), and the Transmitter (Tx) is installed
at a facility at the base of tower 31 at the Sandia Crest Electronics Site. The link
geometry is shown in Fig. 4 with Rx and Tx site GPS coordinates provided in the inset
table.
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Fig. 4. WTLE Geometry
Source: “WTLE Geometry.” 35°07’05” N and 106°32’34” W. Google Earth 13-Jan-2016

The elevation of the link relative to the ground and the 23.5 km path length pose
significant instrumentation challenges. As seen in Fig. 4, the height of the link
approaches 1 km above ground level. Logistically it is not feasible to sufficiently equip
WTLE’s 23.5 km path length with enough meteorological monitoring stations to provide
adequate rain measurements along the path. This logistical challenge has precipitated an
investigation into the utilization of data from the National Weather Service’s (NWS)
Next Generations Weather Radar (NEXRAD) to provide a distributed estimate of the rain
rate along the entire path. Results from this investigation are provided in Chapter IV
below.
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III.2 Site Selection
During the design stage for WTLE, the team initially selected New Mexico’s Public
Broadcasting Service (KNME) transmission facility at the Sandia Crest Electronics Site
to host the WTLE Tx. The site was initially selected due to existing ties between UNM’s
public radio service (KUNM) and KNME who own and operate the site. After conducting
a site survey, the team requested a second visit and attempted to install a weather station
on the roof of the KNME facility. After installation of the weather station, it was found
that the data acquisition equipment was exceptionally faulty. When attempting to operate
a laptop on the roof to diagnose the issue the laptop screen would frequently black out.
Further investigation revealed that KUNM’s facility, tower 17, is located within the
“high-power site” of the Sandia Crest Electronics Site [39]. It was assumed that the
equipment failure was a direct result of Electromagnetic Interference (EMI) due to the
significantly high levels of RF present atop the roof of the KNME facility, as shown in
Fig. 6. While EMI is treatable using preventative measures and shielding, an additional
deterrent that encouraged the selection of a different site was that KUNM is required to
significantly reduce transmission power levels when personnel are present on the KNME
rooftop. Due to the experimental nature of WTLE, it was anticipated that a significant
amount of time would be required to install and troubleshoot Tx equipment. Also,
KUNM incurs operational costs operating at reduced power levels. Lastly, KUNM
required the team to schedule site visits at least one week out. The combination of these
factors led the team to seek another site as it was thought that there was a high probability
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that installation of the WTLE Tx at the KNME facility would have resulted in an
unsuccessful propagation campaign.
Fortunately, the team was able to coordinate with the owners of a site towards the lowpower area at the north end of the Sandia Crest Electronics Site. Even so, the following
precautions were taken to reduce EMI of the WTLE Tx system: 1) use of heavily
shielded cables and 2) installation of a metallic “hat” around the RF electronics within the
box.

Fig. 5. WTLE Tx initial installation (left) and final configuration (right)

Pictures of the transmitter installation are shown in Fig. 5. The initial installation was
comprised solely of the Tx RF equipment, as shown in the picture on the left, with the
final configuration including meteorological equipment and an ice shield pictured on the
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right. A more thorough explanation of the Tx RF system is provided in §III.3, and a
detailed explanation of the meteorological equipment is provided in §III.5.
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Fig. 6. Power densities at Sandia Crest Electronics Site, Towers 17, 17A and 31 highlighted in green.
Adapted [reprinted] from [39]
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The WTLE Rx site is located at COSMIAC, a research center at UNM’s school of
engineering. An office was provided, and Retro-Split Storm Collar roof penetrations were
installed to route the power and data cables to the Rx RF systems. A picture of the Rx site
is shown in Fig. 7. A more thorough explanation of the Rx RF systems is provided in
§III.4, and a detailed explanation of the meteorological equipment is provided in §III.5.

Fig. 7. Picture of WTLE receiver site

With arrangement for each site finalized, a link budget was generated at both 72 and 84
GHz using nominal vendor provided hardware specifications, the link budget is provided
in Table I. The link budget was used to confirm that RF design specifications would
exceed a dynamic range of 60 dB, and it can be seen from the link budget that the
objective was met. The “conservative” estimate is taken with respect to the ability of the
data acquisition system to maintain a signal lock on the beacon as the signal approaches
the noise floor, 10 dB of margin was applied in the link budget calculation. Confirmed by
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the link budget assessment, RF specifications were then provided to Quinstar
Technologies, Inc. to build both the Tx and Rx RF systems.

TABLE I
LINK BUDGET FOR WTLE
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III.3 Transmitter (Design and Installation)
The transmitter RF assembly was procured under an existing contractual agreement
between Quinstar and AFRL/RV. After the initial request was made and Quinstar verified
their ability to produce a custom-tailored RF assembly, a series of teleconferences ensued
to refine the specifications for the Tx RF assembly. Table II enumerates both the
specifications provided and results from final laboratory testing and shows that Quinstar
was able to meet the requested specifications.
TABLE II
WTLE TRANSMITTER RF SPECIFICATIONS AND TEST RESULTS
Parameter
Operating Frequency
Polarization
Antenna Diameter
Antenna Gain
Antenna HPBW
Antenna Axial Ratio
EIRP (w/ 5dB Attenuator)

EIRP Stability
Cross-Pol Discrimination
LO Phase Noise

LO Frequency Stability

Test Results

Specification

V-band

72 GHz (nom)
84 GHz (nom)
LHCP
~3 in
>30 dB
>3°
<1.5 dB
0 dBm/20 dBm (min.)
(manually switchable)
<3 dB difference
between two frequency bands
+/‐ 0.05 dB (1 sec)
+/‐ 0.1 dB ( 24 hrs)
>25 dB
0.1 Hz ‐55 dBc
1.0 Hz ‐85 dBc
10 Hz ‐115 dBc
100 Hz ‐135 dBc
3.00E‐12 (<100sec)
3.00E‐9 (per day)
1.00E‐7 (per year)

32

W-Band

72.000,002,321 GHz 84.000,002,669 GHz
LHCP
3.5 in
33 dB
3.6° (E/H)
0.4 dB

34 dB
3.2° (E)/3.0° (H)
0.29 dB

41.1 dBm

40.4 dBm

-0.041 dBm/°C

-0.073 dBm/°C

32 dB

35 dB

-74 dBc/Hz
-107 dBc/Hz
-130 dBc/Hz
-155 dBc/Hz
1.8E‐11 (<100sec)
5E‐10 (per day)
Not Measured

A block diagram of the Tx RF assembly is shown in Fig. 8, and a picture of the fully
assembled RF electronic plate installed within an enclosure is shown in Fig. 10. A
10 MHz oscillator provides a reference for a Phase-Locked Dielectric Resonator
Oscillator (PLDRO), which is then up-converted via a x6 multiplier from 14 to 84 GHz
(W-band) and from 12 to 72 GHz (V-band). The laboratory results for system phase noise
and frequency stability shown in Table II are entirely dependent on the 10 MHz oscillator
because the PLDRO are phase locked to the reference. The output from each multiplier is
routed into a 5dB attenuator to protect the multiplier by reducing the magnitude of
reflections that may occur further down the RF chain and to ensure the bandpass filter is
not over-driven. A power detector continually monitors the power output of the
transmitter and finally the linearly polarized wave is fed into a circular polarizer oriented
to output a Left Hand Circular Polarized (LHCP) Electric field (E-field) and broadcast
via a 3.5” diameter lens antenna, with a gain of 35.8 & 34.7 dB and Half Power
Beamwidth (HPBW) of 3.1 & 3.6° at 84 & 72 GHz respectively. Antenna patterns for
each lens antenna are shown in Fig. 9.
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Fig. 8. RF block diagram for WTLE transmitter

-10 -8 -6 -4 -2

0

2 4

6

8 10

deg

-10 -8 -6 -4 -2

0

2 4

6

8 10

deg

Fig. 9. Patterns for WTLE Tx lens antennas 84 GHz (left) & 72 GHz (right)

Because the transmitter is exposed to the adverse weather conditions that exist on Sandia
Peak an additional consideration for the transmitter system is to ensure the RF
components are sealed from the outside environment and that temperature control is
maintained within the sealed enclosure. RF baseplate temperature control is vital because
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oscillators and amplifiers are extremely temperature sensitive, which can impact both the
output frequency and output power. The RF baseplate temperature is maintained to 40 ±
0.01°C by way of a TE Technology, Inc. TC-36-34-RS485 temperature control module in
conjunction with several Tellurex thermoelectric cooling tiles and a screw mounted
thermistor. Air temperature is monitored via an ADAM-4022T data acquisition unit that
feeds data from a thermistor to a pulse width modulated controller connected to a TE
Technology, Inc. AC-046 Peltier thermoelectric air cooler. Devices that are listed in this
paragraph and installed in the transmitter enclosure are called out in Fig. 10.

Fig. 10. WTLE Tx assembly installed within the enclosure

A rack mountable drawer houses the DC power supplies and thermal controller elements.
The power/thermal distribution box, shown in Fig. 11, along with a remotely accessible
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computer to log health and status data from the DC supplies and temperature controller,
and an uninterruptible power supply are located inside a brick building.

Fig. 11. WTLE Tx power and thermal distribution box

Two 4” holes are cut out of the side in front of the lens antennas to prevent excess
attenuation by the fiberglass enclosure. To maintain a sealed environment and ensure
thermal stability within the enclosure a radome was installed on the front panel, as shown
in Fig. 10. A closed-cell foam from Cuming Microwave, specifically a 0.25” thick sheet
of C-FOAM PF-2, was used for the radome material. The foam is a replacement for the
Raydel SX12 material that was initially installed. The Raydel material was thought to
have provided more robust protection from blowing debris. In §V.4, a discussion on how
the original material was selected and why it needed to be replaced is provided.
The WTLE Tx installation site is called “Tower 31,” a 125’ tall communication tower
that presents a hazard for the transmitter during the winter. When the air temperature is
cold, and clouds are present, large communication towers such as Tower 31 will
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accumulate rime ice. The rime ice will slough off in chunks when high winds displace the
tower, or the tower is heated with solar radiation, and these chunks can be large enough
to damage the roofs of nearby buildings. An ice shield is suspended above the transmitter
assembly to protect it against a catastrophic blow, and it can be seen in the photograph in
Fig. 5.

III.4 Receiver (Design and Installation)
Both the 72 and 84 GHz receivers were designed by NASA/GRC and procured via an
intergovernmental contractual agreement with AFRL/RV. The RF assembly in the
receiver is physically divided into three down conversion stages the first stage is mounted
on a separate plate from the 2nd and 3rd stages. The 1st down conversion stage, which
included a Low Noise Amplifier (LNA) and Cassegrain reflector antenna, was procured
from Quinstar after having been provided detailed design specifications. NASA/GRC
assembled the 2nd stage for both receivers. Table III provides a summary of the
specifications and laboratory performance results for each stage of the receiver. A block
diagram of the 1st stage of the 72GHz receiver is shown in Fig. 13, the 84 GHz system
has an identical layout, with the caveat that the part numbers differ and that the operating
frequencies of the Dielectric Resonator Oscillators (DROs) are 20.00025 GHz for the
calibration “cal” tone and 20.075 GHz for down conversion.
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For the 72GHz system, the RF output of a 0.6 m Cassegrain reflector antenna with 50.89
dB gain and 0.45° HPBW passes into a circular polarizer. An antenna pattern taken at
73GHz for the reflector antenna provided by Quinstar is shown in Fig. 12. The circular
polarizer translates the LHCP co-polarized (Co-Pol) signal into vertical polarization and
the cross-polarization (X-Pol) Right Hand Circular Polarization (RHCP) into horizontal
polarization. The linearly polarized E-fields feed into an Orthomode Transducer (OMT),
which has a circular waveguide input and provides two rectangular waveguide outputs:
one for the vertical and one for the horizontal polarized E-field. On the right side of the
block diagram, a 10MHz oscillator provides a reference for three DROs. An 18.00025
GHz DRO is used for the calibration tone, which is upconverted to 72.001 GHz and
injected into both the Co-Pol and X-Pol paths just after the OMT via a magic tee splitter
and two cross guide couplers. A second DRO operating at 34.15GHz is used to downconvert from 72GHz to 3.7Ghz. The down conversion process uses the second harmonic
of the DRO, i.e., 72 - 34.15*2 = 3.7. The third DRO, at a frequency of 3.693 GHz, is used
for final down conversion from 3.7 GHz to the final Intermediate Frequency (IF) of
7MHz for the beacon and 8 MHz for the cal tone, it is physically located on the 2 nd stage
plate within the Rx RF enclosure.
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Fig. 12. Antenna pattern at 73 GHz for WTLE Rx Cassegrain reflector antenna
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TABLE III
WTLE RECEIVER RF SPECIFICATIONS AND TEST RESULTS
Parameter
Input Frequency
Bandwidth
Polarization
Antenna Diameter
Antenna Gain
Antenna HPBW
Antenna Axial Ratio
Co-Pol LNA Gain
Co-Pol LNA NF
X-Pol LNA Gain
X-Pol LNA NF
1st Stage LO Frequency

Specification

50.9 dB
0.486
< 1 dB
1st Stage
>30 dB
<4.5 dB
>30 dB
<4.5 dB

Test Results
W-Band
V-band
84 GHz (nom) 72 GHz (nom)
10 MHz
LHCP & RHCP
0.6m
52.2
50.9
0.417
0.486
<1
<1
31.67
3.7
31.96
3.8
80.3 GHz

32.53
3.46
32.77
3.36
68.3 GHz

100 Hz ‐56 dBc/Hz
-60
1.0 kHz ‐91 dBc/Hz
-91
1st Stage LO Phase Noise
100 kHz ‐103 dBc/Hz
-103
1 MHz ‐120 dBc/Hz
-120
1st Stage IF
3700 MHz
Reference/Calibration Tone
Frequency
84.001 GHz 72.001 GHz
Output Power
-10dBm ±1dB
-9.67
-9.5
Output Power Drift
<0.02 dB/°C
0.013
0.01
(over temp)
Output Power Drift
<0.2 dB/2yr period
N/A
N/A
(over time)
2nd Stage
Gain
70 dB
2nd Stage LO Frequency
3963 MHz
Beacon – 7 MHz
Final IF
Cal Tone – 8 MHz
Dynamic Range
68 dB
70 dB
Co/Cross-Pol Isolation
20 dB
13 dB

40

Fig. 13. WTLE 72GHz Rx block diagram, 1st stage
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Fig. 14. WTLE 72GHz Rx block diagram, 2nd stage

As with the transmitter, because the receiver is operated outdoors and exposed to
weather, the Rx RF components are integrated into a weatherproof enclosure. Thermal
control is maintained for both the ambient air within the enclosure and the plate
temperature of the 1st down conversion stage that contains the LNAs and high-frequency
DROs. The thermal control system is designed identically as the transmitter. Power and
thermal distribution drawers, like the one used at the Tx site, accompany each receiver
and can be seen at the bottom of the half rack in the WTLE Rx site operator station room,
pictured in Fig. 15.
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Fig. 15. WTLE Rx operator station

III.5 Meteorological and Ancillary Equipment
The ability to generate an accurate model relating atmospheric phenomena to the
dynamics observed on the link is directly related to the quality of the measurement of the
atmospheric constituents. There are two meteorological stations with one located at the
transmitter site and the other at the receiver. All meteorological data is collected at a
sampling rate of 1 min, with ascii formatted files stored daily. At a minimum, each
station collects the 1 min average for temperature, pressure, relative humidity, wind
speed, wind direction, and the maximum gust observed during that minute. Each station
also includes a rain bucket and disdrometer to provide a one-minute resolution of DSD,
total accumulated rain, and the average rain rate. A LabVIEW program developed by
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NASA/GRC is used at the receiver site to acquire meteorological data. Due to the
remoteness of the transmitter site, meteorological data is collected using a Campbell
Scientific CR series datalogger. A synopsis of the datalogger capabilities and information
regarding the basic suite of meteorological sensors (temperature, pressure, relative
humidity, rain bucket, and wind monitor) can be found in Appendix A. Details regarding
more specialized equipment (disdrometer, visibility sensor, and radiometer) are included
below.
A camera is installed at the receiver site and is pointed along the link towards the
mountain, and movie files are stored daily with frames captured once every 5 min. Two
cameras are installed at the transmit site: one is pointed along the link towards the
receiver with movie files stored daily and frames captured once every 5 min, the second
is pointed towards the equipment with frames captured every 15 min.
III.5.i

Disdrometer

At both Rx and Tx sites, a Thies Clima 5.4110.00.100 Laser Precipitation Monitor
(LPM), aka disdrometer, as shown in Fig. 16, is used to measure rain Drop Size
Distribution (DSD), rain rate, identification of the precipitation type, the precipitation
intensity, the precipitation spectrum, and other measurements and status outputs.
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Fig. 16. Thies Clima 5.4110.00.100 disdrometer.

The disdrometer uses lasers and optics to analyze precipitation as it falls. A 785 nm
infrared laser source produces a parallel light beam. A photodiode and lens are located at
the receiver side and transform optical intensities into electrical signals. The concept is
depicted below in Fig. 17.

Fig. 17. Measurement of precipitation using the parallel 785nm light beam.

When a particle passes through the parallel light beam, the signal in the receiver is
reduced in amplitude for a certain amount of time. The diameter of the particle is
determined by analyzing the amplitude of the reduction, while the speed of the particle is
determined by analyzing the duration of the reduction. An onboard digital signal
processor analyzes these values. Statistical comparison to a collection of all particle
types, diameters, and velocities provides identification of the particle, and the result is
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checked against the temperature of the particle to provide reliability. Particles above 9ºC
are automatically accepted as liquid except for hail, while particles below -4ºC are
automatically accepted as solid particles. The precipitation spectrum output consists of
binned particles with 22 diameter size classes up to 8mm, and 20 particles velocities for
each diameter class up to 10 m/s, as shown in Table IV.
TABLE IV
DISDROMETER CLASS BINNING FOR PARTICLE DIAMETER AND VELOCITY
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III.5.ii

Visibility Sensor

At the Tx site a Campbell Scientific CS120A Visibility Sensor, shown in Fig. 18, is used
to indicate the presence of cloud cover on the mountain. The visibility sensor operates in
the infrared spectrum and uses the 42° scatter angle phenomena, e.g., the viewing angle
of a Primary Rainbow relating the reflected rays relative to the incident rays, to report the
observable meteorological range for fog and snow, specifically the range is 10 m to
75,000 m with a resolution of 1 meter and an accuracy of ±10%. It is installed to indicate
the presence of clouds on top of the mountain with higher resolution than the relative
humidity sensor. It may be possible to use the data collected by the visibility sensor to
estimate signal fade and fade duration.

Fig. 18. Campbell Scientific CS120A visibility sensor. Adapted [reprinted] from
https://www.campbellsci.com/cs120a.

47

The CS120A is an infrared forward scatter visibility sensor that utilizes a 42° scattering
angle. The sensor measures visibility in the range of 10 to 75,000 meters with a
resolution of 1 meter and an accuracy of ±10%. An infrared pulse is transmitted, and an
infrared sensor collects reflected photons in the receiving aperture. The quantity of
received photons is inversely proportional to the visibility, the geometry of this
arrangement is depicted in Fig. 19.

Fig. 19. Schematic showing the principle of the visibility sensor. Adapted [reprinted] from [19].

Upon installation at the transmitter site at the Sandia Crest Electronics Site, it became
apparent that loss was higher than tolerable for this sensor. As a direct result of
significantly high levels of RF present at the transmitter site, the electromagnetic
interference was suspected as the cause for the data loss. To remedy this, the CS120A
was wrapped in lead tape, especially the electronics box at its base and pointed away
from the Albuquerque valley floor. Both actions drastically reduced the amount of loss in
the telegrams sent from the sensor, reducing it to a very usable level of approximately
2%.
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III.5.iii Radiometer
An RPG-LWP-U72-U82 four channel Liquid Water Profiling (LWP) radiometer from
Radio Physics GmbH (RPG) is installed at the receiver. The radiometer is pointed in a
zenith direction and establishes a reference for atmospheric gaseous attenuation expected
along the path. The reference is used to ensure that the dynamics observed on the link
may be attributed to fluctuations in atmospheric constituents, and not due to equipment
malfunction. The installation configuration at the receiver site, along with callouts to
identify the equipment is shown in Fig. 20, with the Tx site pictured in Fig. 21.

Fig. 20. Receivers and meteorological instrumentation installed at the WTLE Rx site
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Fig. 21. Transmitter and meteorological instrumentation installed at the WTLE Tx site.

III.6 Receiver Data Acquisition & Signal Processing
III.6.i

Data Acquisition

An NI PCI-5124 12-bit Oscilloscope Device card is used for Analog Digital Converter
(ADC) Data Acquisition (DAQ) of the beacon and calibration tone data. As discussed in
§III.4, the final IF of the beacon is 7 MHz and 8 MHz for the cal-tone. A technique
known as bandpass sampling is used to acquire the signals at a rate of 𝑓 = 4.255 𝑀𝐻𝑧.
Selection of the appropriate sampling rate follows from the Nyquist criterion, 𝑓 ≥ 2𝐵,
where 𝐵 is the bandwidth of the signal of interest. A half-power bandwidth of 𝐵 = 2 MHz
is assumed to provide sufficient separation and is determined by looking at the spectral
response of a K&L 6LB30-7.5/H1.8-O/O bandpass filter used on the output of the WTLE
receiver, shown in Fig. 22.
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Fig. 22. Spectral illustration of WTLE IF output. The center frequency of the bandpass filter, shaded in red,
is 7.5 MHz. The beacon and cal tone, shown above, are located at 7 and 8 MHz, respectively. Finally, the
0.5 dB & 10 dB bandwidths are indicated below.

The sampling frequency is determined by balancing the trade space of three coupled
parameters:
1) Sampling rate constraints imposed by the bandpass sampling dual inequality of
(7) where m is an integer that corresponds to the number of folds the baseband signal will
undergo in the undersampling operation [40].

≤𝑓 ≤







2) The sampling rate must be achievable via an integer division of the max
sampling rate of 200 MHz of the NI PCI-5124 DAQ card and is implemented in
hardware by sampling the 200 MHz clock at a spacing equal to this integer.
3) Ensuring that it takes <0.1 sec for the LabVIEW software to process the
incoming data stream (perform a Fast Fourier Transform (FFT) on each sample series,
frequency estimation, and write to file). This constraint is imposed by the objective of
maintaining an IF measurement rate of 10 Hz, for the study of scintillation.
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NASA has considerable experience with setting up receiver terminals for propagation
experiments, and they have found that the LabVIEW software coupled with PC
processing power runs ideally when the length of the FFT is 2^18 samples or less. After
some fine-tuning of these parameters, the sampling rate regime is found to be
4.25 𝑀𝐻𝑧 ≤ 𝑓 ≤ 4.33 𝑀𝐻𝑧 with m=3. The selection of m as an odd integer, while
providing a permissible value for the sampling rate, produces an inversion of the original
spectral image [40]. The inversion for the WTLE receiver is shown in Fig. 23, where it
can be seen that the cal tone is observed to reside 1 MHz lower than the beacon in the
frequency region encompassed by the dashed red line that is “observed” by the DAQ
card. The discrepancy does not present a problem for the acquisition of either the beacon
or cal tone data, it does, however, result in temporary operator confusion as the beacon
and cal tone do not appear to be in the order that is expected when viewing the LabVIEW
spectrum display.

Fig. 23. Spectral images as a function of the sampling rate
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III.6.ii

Signal Processing

The last stage in the data acquisition architecture is the processing of each sampled series
to ensure that the appropriate amplitude and phase information is acquired and stored for
the cal tone and the beacon. To this end, the Quinn-Fernandes-Nessel (QFN) frequency
tracking algorithm is implemented in the data acquisition chain. The algorithm utilizes
the Quinn-Fernandes frequency estimation technique [41] with a modification introduced
by James Nessel at NASA/GRC. The Quinn-Fernandes frequency estimator typically
converges within two iterations by using an initial frequency estimate that is determined
by locating the FFT bin with the maximum amplitude. The estimator is incorporated into
the data acquisition chain as shown in the block diagram of Fig. 24. The In-Phase and
Quadrature (I/Q) values are determined by taking the mean of the output of the
multiplication stage. The multiplication stage is the convolution of the original ADC
sampled series with a normalized sine, sin(2𝜋𝜔

𝑡), or cosine, cos(2𝜋𝜔

𝑡), function

that is generated with the fictitious time vector, 𝑡 = 0: : , and the frequency, 𝜔
obtained by the QFN estimator.
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,

Fig. 24. Block diagram of amplitude and phase detection

The Nessel modification to the Quinn-Fernandes estimator incorporates a priori
knowledge of the beacon and cal tone frequencies during periods of low Signal to Noise
Ratio (SNR). The Quinn-Fernandes estimator is robust, in a general sense, to estimating
frequency when multiple dynamic tones are present. However, during periods of low
SNR the estimator may lock onto noise peaks at frequencies bins that do not include the
beacon or cal tone. For propagation experiments with fixed beacon frequencies, it is
expected that the beacon will drift minimally in frequency over many estimator feedback
iterations. The Nessel modification effectively reduces the search bandwidth of the
tracking algorithm by using the average of the last frequency estimate results, as shown
in Fig. 25. In this manner, the signal may be observed at a lower SNR than the original
Quinn-Fernandes method.
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Fig. 25. Implementation of Nessel modification to Quinn-Fernandes estimator

A limitation that has been observed while using the estimator approach is during
situations where moderate phase noise is present on the signal, resulting in amplitude
noise that is biased towards signal power loss. The situation was observed on the WTLE
receiver when a Local Oscillator (LO) became unstable and was unable to maintain a
lock on its reference. Integrating over a larger bandwidth could prevent this issue, but t
would have the downside of introducing more noise. A second limitation that is directly
related to the Nessel modification is that the estimator may not recover from the use of
the average frequency bin if the beacon signal drifts out of the search band during a longlasting rain event. If this situation occurs, it requires a forced reset of the data acquisition
software. Approaches to alleviating this issue have been discussed, but nothing has been
implemented for testing.
III.6.iii Data Storage
Amplitude and phase information is stored at a rate of 10 Hz in ASCII formatted files,
and the files are written daily. The 10 Hz sampling rate provides the ability to study short
term scintillation events. To reduce the amount of data processing required for
attenuation measurements an additional ASCII file is generated at a sampling rate of 1Hz.
These files are backed up via automated synchronization to a server computer that is
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physically co-located to the receiver computer. The server, which has been dubbed
WTLEr, is the gateway by which access to the propagation data is maintained. All data
on WTLEr is again synchronized to another storage server that is physically separated
from the WTLE receiver operator room to ensure that data integrity is preserved in the
event of computer malfunction or natural disaster. In addition to acting as a central
repository, WTLEr also provides a physical firewall for the WTLE receiver computers. In
this manner the WTLE receiver computers are never allowed direct access to the world
wide web, they are protected from unauthorized intrusions, and remote access is
preserved via port-forwarding rules prescribed within WTLEr.

III.7 Analysis
III.7.i

Receiver and Meteorological Data Pre-Processing

The list of daily data files that are available for the WTLE propagation experiment is:
1.
2.
3.
4.
5.
6.

72 & 84 GHz receiver data sampled at 1 and 10 Hz.
72 & 84 GHz receiver health and status files.
Two separate meteorological data files for each site (Rx and Tx).
Health and status for Campbell data acquisition device located at Tx
Two video files for cameras located at Tx site
A video file for camera located at Rx site

All data acquisition device in the WTLE campaign are maintained on Coordinated
Universal Time (UTC), and timestamps are provided with each file, eliminating time
syncing issues due to daylight saving time shifts. A “maintenance log” spreadsheet is
kept and updated to provide detailed information for periods of downtime that result from
routine maintenance or device failure. The maintenance log is also annotated when data is
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found to be suspect. Post-processing of the data constitutes data extraction from all files,
synching the time stamps of all the files to account for the varying sampling rates and
finally removing any data that is marked as suspect to ensure that it may be assumed that
all equipment is working nominally. The NEXRAD system also has outages and
maintenance periods that are annotated in a separate maintenance log. The postprocessing ensures that all data solely contains the concurrent “live time” of any system
associated with the respective analysis.
III.7.ii

NEXRAD Data Pre-Processing

In addition to the files listed in §III.7.i, generated by the equipment installed for the
WTLE campaign, NEXRAD data was also downloaded from the NCEI site mentioned in
§II.5. To maximize cross-platform readability of the raw binary formatted NEXRAD
files, a batch processing script is implemented on the National Oceanic and Atmospheric
Administration’s (NOAA’s) Weather and Climate Toolkit (WCT). NOAA’s WCT batch
processing functionality enables the raw data to be exported from “nids” to ASCII, and
additionally allows for a geometrical subset to be defined, whereas the raw NEXRAD
files extend to a radius of 250 km from the radar site. The geometry of the NEXRAD
system is shown in Fig. 26, where the extent of the radar is shown on the left with the
region encompassing the WTLE path on the right.
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Fig. 26. The geometry of the NEXRAD system full coverage map (left) adapted [reprinted] from
https://www.ncdc.noaa.gov/cdo-web/datasets/NEXRAD3/stations/NEXRAD:KABX/detail. The
geometry of the NEXRAD system relative to WTLE Rx and Tx (right)

The ASCII files generated by the WCT output contain 763 latitude bins (y-axis) and 800
longitudinal bins (x-axis). The bin at the bottom left (the origin) corresponds to the
receiver site and the bin at the top right corresponds to the transmit site. A routine was
created to isolate and extract only those bins that constitute the diagonal of the matrix,
i.e., the WTLE link that spans from the Rx site to the Tx site, and the resulting file
contains 1561 bins. Furthermore, because the matrix is rectangular, and the diagonal
spans each bin by a varying length, the output of the routine also includes the
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corresponding bin span length. Verification of the routine is carried out by summing the
span length of each bin and yields a total path length of 23.59 km, corresponding well to
the path length calculated via Google Earth shown in Fig. 4.
III.7.iii Establishing a Reference Level for Channel Power
The attenuation observed for an event may only be calculated by comparing it to the
expected level of received power, aka “the reference or baseline level.” Unfortunately,
there is no absolute reference level as it is susceptible to day-to-day variability within the
RF components, any modifications made to the Tx or Rx RF systems, fluctuations in
atmospheric parameters, antenna wetting, and other phenomena. Whether studying
attenuation due to gaseous absorption, clouds/fog, or rain the quality of the analysis will
be significantly influenced by appropriately defining the reference level of the received
power as noted by [42].
No literature provides a concise and thorough recommendation for appropriately
calculating the reference level for studying gaseous attenuation or clouds and so the
judgment is left as an exercise for the experimentalist.
For determining attenuation due to rain several literature articles [43, 44, 45] provide
recommendations for calculating the reference level and being by building classifiers to
identify dry or rainy periods. In [44] the rolling standard deviation is used, whereby it is
continually updated with the most recent observation while maintaining the same number
of total observations, and the total number of observations is one of the trade parameters.
The other trade parameter is the standard deviation threshold for which the data is
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classified as “dry” when the new value is below or equal to the threshold and “rainy”
when it is above. In [45], the “dry”/”rainy” classifier uses a multi-variate boundary
technique using both the rolling standard deviation and the local trend, where the local
trend is an indication of the rate of change and direction in the received power level.
The steps undertaken to calculate the reference are described in detail below, followed by
a graphical illustration of the output at various steps, Fig. 28 & Fig. 29. The selection
criterion that is listed in step 4a for the absolute value of the rate of change from one 5
min block average to the next, specifically

𝑑𝑥
𝑑𝑡

> 0.25 dB/(5 min), was ascertained to

ensure that more than 90% of the data would not be included. A histogram of the block
average rate of change, shown in Fig. 27, provides visual evidence that most of the data
lie outside of the threshold, or within +/- 0.25, and will not be selected.

Fig. 27. Histogram of the rate of change from one 5 min block average to the next.
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Steps for generating a reference for rain attenuation:
1. Obtain two independent time series vectors that are comprised of a 5 min block
average of the received power level as follows:
a. 𝑥 : begins with the first observation in the record
b. 𝑥 : shifted forward by up to 2.5 min (half of the block average period)
i. Helps to resolve anomalies “smoothed” by first block average

2. 𝑥̅ = 𝑥 𝑖𝑓 𝑥 > 𝑥 𝑒𝑙𝑠𝑒 𝑥̅ = 𝑥 [dBm]: obtain single time series by comparing
the block averages and taking the highest value
̅
3.
[dB/(5 min)]: time derivative of the series, 𝑥̅ , from step 2
4. Find instances to adjust using the following selection criteria:
a.

𝑑𝑥
> 0.25 [dB/5min] or 𝑥̅ < (𝑥̅
𝑑𝑡

− 2). The second criterion in the or

statement ensures that long duration attenuation events are selected for which the
time derivate from one sample to the next are < 0.25.
b. The derivative will pass through 0 many times during a rain event. To ensure a
rain event is fully captured with consecutive instances find all instances for
which the time separation is between 10 min and 30 min and ensure those gaps
are identified as instances the reference should be adjusted.

5. 𝑥̅ ′: Adjust 𝑥̅ instances from above
a. For non-consecutive/isolated instances linearly interpolate using instances
immediately preceding and following
i.e. 𝑥′ =

(

)

b. Conservatively assume that n consecutive instances comprise a single rain event
and use linear interpolation from the block average value that is 15 min before
the first instance and 15 min after the last consecutive instance.
i. The 15 min buffer at the beginning serves to prevent using a block
average value that may include light rainfall within the event that may
not have been identified as an instance of attenuation in step 4.
ii. The 15 min buffer at the end serves to mitigate antenna wetting effects,
as illustrated in [46].

6. 𝑥̅ ′′: Compare 𝑥̅ ′ with the 1 min rolling average of the original signal and
downsample the rolling average output to ensure it is the same length as the block
average, 𝑥̅ . Compare the rolling average output with 𝑥̅ and take whichever value
is higher to prevent the reference value from being attenuated.
7. 𝑥 : Lastly 𝑥̅ ′′ is upsampled via linear interpolation between points so that it is
the same length as the initial time series. A 5 min rolling average is applied to the
upsampled time series to reduce impulses induced by any of the steps from above.
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Fig. 28. Reference for rain attenuation with results at various stages in the calculation. Highlighting a
period that was particularly rainy (30-Sep 22:00 to 1-Oct 01:00 & 1-Oct 01:30 to 13:30)
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Fig. 29. Reference for rain attenuation with results at various stages in the calculation. Highlighting a long
period that was mainly dry (12-16 May) such that only one instance was selected for adjustment
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III.7.iv Effect of Wind Loading
The 0.6 m antenna used at the receiver has high directivity and, as indicated in Table III,
has an HPBW of 0.3°. A preliminary study was conducted the pointing error induced by
high wind gusts and examine whether the calculation of observed attenuation is affected
by wind loading. The study is first performed qualitatively using visual inspection to
determine whether a quantitative study is required to ensure that any wind loading effects
are appropriately accounted for. In Fig. 30, below, the left and middle columns show two
5 hr periods where the wind was relatively calm and low wind gusts were indicated by
the wind monitor at the receiver site. The right column of Fig. 30 shows another 5 hr
period where extremely high wind gusts were indicated. For each period selected the
observed attenuation data that is shown at the bottom of each column was calculated
using the reference that was generated with the procedure outlined in §III.7.iii above. The
statistics provided in the figure indicate that the mean and standard deviation during the
period with high wind gusts is not appreciably different from the periods with calm
winds. The effect of wind loading on the receiver antenna is therefore not considered to
have an appreciable effect on rain attenuation statistics.
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Fig. 30. Visual inspection of 72 GHz receiver data during periods of low wind gusts (left and middle
column) and high wind gusts (right column).

III.7.v

Receiver Dynamic Range

The dynamic range of the receiver is an essential consideration during data processing
and analysis. When the SNR is too low, measurements of the channel power will be
representative of the noise floor of the receiver. An example of this scenario is provided
in Fig. 31, during a deep rain event on 31-Jul-2017. The observed attenuation, bottom
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plot, appears to saturate at roughly 75 dB and a dynamic range of 70 dB will be
conservatively used for the remaining analysis.

Fig. 31. The noise floor of the receiver is reported as the received beacon power level on the V-band CoPol channel during a deep rain fade event. A 60-sample rolling average of the received power along with
the reference power is shown (top) along with the observed attenuation (bottom).

III.7.vi Main Analysis
The first aim of this study was the successful installation and operation of a terrestrial
link operating with the W-band & V-band frequencies. The second aim of this study is to
generate a model using regression techniques to estimate attenuation of the WTLE link
using rain rate data from the NEXRAD system. The following analyses will be used to
assess the viability of this aim:
1. Correlate observed signal attenuation with WTLE disdrometer measurements
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2. Correlate observed signal attenuation with NEXRAD rain rate estimates
3. Correlate NEXRAD rain rate estimates with WTLE rain gauge measurements
4. Compare disdrometer and NEXRAD rain rate measurements and determine a
viable range of meteorological conditions for which NEXRAD provides accurate
estimates
5. Use a subset of WTLE data to generate a model to predict W/V-band attenuation
using NEXRAD rain rate estimates (training data)
6. Verify the model using a different subset of WTLE data (testing data)
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CHAPTER IV : RESULTS
IV.1 Correlation of Disdrometer Measurements to Observed Attenuation
The rain rate attenuation model given in (1) is a monotonic function such that an increase
in rain rate will always lead to an increase in observed attenuation. Therefore, it is
hypothesized that rain measured at either the transmit or receive site disdrometers will be
correlated to observed channel power attenuation and furthermore, that as measured rain
rate increases the depth of observed attenuation also increases.
Data from 19-Nov-2016 to 25-Sep-2017 is used to test this hypothesis. The data was
synchronized in time, and all equipment maintenance periods across all systems have
been removed by following the steps outlined in § III.7.i. Rx and Tx site disdrometer
measurements are examined to identify timestamps for which rain is observed.
Telegraphs from the disdrometer are available at 1 min intervals in such a way that any
identified rain is integrated and averaged over the 60 sec duration that precedes the
timestamp. With this consideration in mind, block averages of the received power levels
are taken using the window that is coincident with the disdrometer observation. It has
been noted that dynamics associated with atmospheric disturbances in the V-band (72
GHz) and W-band (84 GHz) beacon signals are well correlated and that reciprocity may
be achieved by applying a scale factor to translate from one propagation frequency to the
other [47]. The findings have enabled WTLE researchers to extend the utility of the
system by re-purposing one of the receivers and installing a short link, discussed in §V.3.
As a result, data used in this dissertation study is taken solely from the 72 GHz receiver.
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A scatterplot of observed attenuation [dB] relative to the respective rain rate [mm/hr]
measured by the disdrometer located at either the Rx site or Tx site is shown in Fig. 32;
each blue dot represents a single sample point while the red dots are binned averages of
50 distinct rain rates bins upon sorting the data by the observed rain rate (from smallest to
largest). Fitting parameters, 𝑎 & 𝑏, for the power law model of (1) and the resulting
coefficient of determination, R2, are provided for both the raw data and the binned
averages. It should be noted that the rain rate power law model provides specific
attenuation and so the function provided in Fig. 32 should be divided by a length factor,
whose maximum should be less than the path length of WTLE (23.5 km).
At both the Rx and Tx sites, the exponential models are positive, providing support for
the hypothesis. As discussed in §III.7.iv, periods for which the receiver’s dynamic range
of 70 dB is exceeded are eliminated across all data sets to ensure that saturated
measurements do not corrupt the fitted models.
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Fig. 32. Scatterplot of observed attenuation on V-band Co-Pol channel relative to rain rates observed by the
disdrometer located at the receiver site (top) and transmitter site (bottom). Each blue dot represents one
sample point, and each red dot is an average

It is observed that a significant sample variance exists in both the raw data and the binned
data. It is likely that many compounding variables attribute to the variance, and it is
suspected that the most significant factor is the presence of rain along the path that has
not been observed by the disdrometers located at the receiver and transmitter sites. In this
analysis, rain rates are sampled by a disdrometer located at either the Rx or Tx site, and
we are unable to factor in any rain that exists on the path (even rain that may be present at
the Rx site but only sampled by the Tx site disdrometer, and vice versa). Use of the
NEXRAD Digital Precipitation Rate (DPR) data product may yield more spatially
resolved observations of the existence of rain along the entire WTLE path. In the
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following section, a comparison of disdrometer measurements to the NEXRAD DPR
product is conducted to determine the feasibility of using the NEXRAD system.

IV.2 Comparison of NEXRAD Rain Rate Estimates to Disdrometers
Measurements
There are two objectives for the outcome of the comparison between the NEXRAD
system and the disdrometers. The first is to test the hypothesis that positive correlation
exists between NEXRAD system rain rate estimates and rain rate measurements by the
WTLE disdrometers. The second objective, assuming that positive correlation exists, is to
ascertain the range of viable conditions that the NEXRAD DPR product may be assumed
to be an accurate estimate of the rain rate, i.e., a close approximation to the disdrometer
measurement.
As mentioned in §II.5, hydrometeor classification impacts DPR rain rate estimates. The
specific algorithm implemented is an approximation to the Mie scattering theory, which
assumes spheroidal particles. Therefore, the data analyzed in this section is restricted to
the date ranges from 14-May-2016 to 30-Sep-2016 and from 14-May-2017 to 30-Sep2017. The date ranges isolate periods for which frozen hydrometeors are less frequently
encountered at either the Rx or Tx sites. The data was synchronized in time, and
equipment maintenance periods across all systems have been removed by following the
steps outlined in §III.7.ii. Telegraphs from the disdrometer are available at 1 min
intervals, whereas the NEXRAD system has variable sampling periods that are dependent
on the specific Volume Coverage Pattern (VCP) being implemented. With this
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consideration in mind, NEXRAD system data is upsampled to achieve consistent 1 min
intervals. Linear interpolation is used for the up-sampling process and care is taken to
ensure that for any non-zero DPR rain rate observations with sampling gaps that are
longer than the slowest VCP sweep of 15min are padded with a zero at 5 min preceding
or following the respective observation.
The data include all instances for which either the disdrometer or the NEXRAD DPR bin
coincident to the receive or transmit site indicate >0 mm/hr rain rate. The data for each
site, Rx or Tx, is then sorted in ascending order by the rain rate measured by the
respective disdrometer. A scatterplot of the data is presented in Fig. 33 for the Rx site on
the left and the Tx site on the right. Binned averages of the raw data are also provided in
red, with 25 bins that span from 0 to 250 mm/hr at the receive site and 30 bins that span
from 0 to 600 mm/hr at the transmit site. The coefficient of determination at the Rx site is
higher for both the raw data, R2 = 0.526, and the binned averages, R2 = 0.993, as
compared with the Tx site of 0.275 and 0.982 respectively. Fitting parameters for the
non-linear regression model relating DPR data “y” to disdrometer data “x” are indicated
in the figure. It may be noted that at the Rx site there is almost no difference in the
computed fitting parameters for the raw data and the binned averages, whereas there is a
much more significant difference in the fitting parameters at the Tx site.
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Fig. 33. Scatterplots of rain rates comparing DPR estimates with disdrometer measurements at Rx (top) and
Tx (bottom).

It is quite likely that there is temporal misalignment between the NEXRAD system and
the disdrometer system, i.e., the DPR product may be shifted by several minutes relative
to the disdrometer measurements. It is unclear how to efficiently detect and correct for
temporal misalignments without biasing the data sets, and no attempt was made to adjust
the data used to generate the regression models provided above. A statistical comparison
may be conducted between the NEXRAD DPR product and the disdrometers to eliminate
temporal misalignments. To this end, exceedance curves are computed for the DPR data
and each disdrometer. The exceedance curve is computed using the following steps:

1. Bin the rain rate data and count the number of instances in each bin
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2. Compute the reverse cumulative summation for each bin, i.e., add the count of the
current bin to the cumulative sum of the counts for all bins with higher rain rates
3. Divide the cumulative summation result of each bin by the total number of
observations
4. Multiply the results by 100
The resulting exceedance probability curves for the 2016 and 2017 monsoon seasons are
shown in Fig. 34. The exceedance plot indicates the probability, expressed as the
percentage of time, that a given rain rate would be observed and or exceeded, e.g., the
disdrometer data for the 2016 monsoon season indicates that a rain rate of 10 mm/hr was
exceeded just 0.1 % of the time at the receive site and 0.2 % at the transmit site. The low
exceedance percentages are indicative of the infrequency of rain in our mountain desert
climate. It is more likely to rain on the peak of the Sandia Mountains than in the
Albuquerque metropolitan area; the expectation is supported by both the disdrometer data
set, where higher rain rate exceedance levels are observed at the Tx site as compared with
the Rx site. Comparing the exceedance curves between the disdrometer and the DPR
product, it may also be observed that at the receive site the curves are nearly identical
while at the transmit site the DPR product does not indicate rain nearly as often as the
disdrometer. The disparity between the noisy looking rain rate scatterplot (Fig. 33) and
the convergence of the exceedance statistics (Fig. 34) at the Rx site give some credit
towards the notion that the NEXRAD and disdrometer systems are temporally misaligned
and should be further investigated.
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Fig. 34. Comparison of rain rate exceedances measurements between NEXRAD DPR and disdrometer at
receive site (left) and transmit site (right). For both sites DPR data is shown in red and disdrometer data is
shown in black with the date range used for each exceedance curve indicated in the legend.

To ascertain the feasibility of fitting the DPR estimates to the disdrometer measurements,
the regression curves obtained from the raw and binned data sets, shown in Fig. 33, are
inverted to solve for x and applied to the DPR data. Exceedance probability of the
resultant “fitted” data are calculated and shown in Fig. 35 and the results compare the
original and fitted DPR estimates to the disdrometer measurements at both the Rx site
(left) and Tx site (right). The resulting fitted data yields worse statistical results at the Rx
site and is grossly overestimating the rain rates at the Tx site when compared with the
disdrometer data.
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Fig. 35. Rain rate exceedance plots comparing NEXRAD DPR, disdrometer and “fitted” DPR
rain rate data at receive site (left) and transmit site (right).

It may be noted that exceedance curves are a statistical, probabilistic representation and
contain no information accounting for the specific time that a measurement was taken.
The exceedance curve plot accounts for the number of times that a rain rate value was
met or exceedance across the entire data set. Several rain events are isolated and plotted
against time at both the Rx and Tx sites in Fig. 36 to investigate temporal misalignment.
On the left, a rain event at the Rx and Tx sites is shown on 2-Jun-2016, and the DPR
product is indicating the highest rain rates several minutes before the peak reported by the
disdrometer at both the Rx and Tx sites. On 11-Aug-2017 the DPR product is indicating
the peak (highest rain rates) of the rain event nearly 15 min earlier than the disdrometer at
the transmit site, while at the receive site the DPR system reports 15 min too early for the
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event at 21:20 and several minutes late for the event at 21:50. The inconsistent time shift
leads to difficulties in automating an alignment protocol. The event-based look confirms
the temporal misalignment of the DPR and disdrometer data sets. It is likely that the
misalignment resulted in a poorly fit regression model, and adversely affects the ability to
fit the DPR rain rate data to the disdrometer data at either the Rx or Tx sites.

Fig. 36. Temporal misalignment of DPR and disdrometer rain rates at Rx and Tx sites for 2-Jun-2016 (left)
and 11-Aug-2017 (right)

A second strategy is tested to determine the relationship between the NEXRAD rain rate
estimation and the disdrometer measurement. Instead of sorting both the DPR and
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disdrometer data by the disdrometer rain rate measurements, the data sets are
independently sorted in ascending order, and the resulting scatterplot is shown in Fig. 37.
A clear relationship becomes evident between the NEXRAD DPR product and the
disdrometer rain rate measurements at both the Rx and Tx sites.

Fig. 37. Scatterplots of rain rates comparing DPR estimates with disdrometer measurements at Rx (top) and
Tx (bottom). The data sets are independently sorted in ascending order.

At the Rx site, at rain rates above 60 mm/hr, the DPR product is shown to underestimate
the rain rate when compared with the disdrometer. A linear curve fit is performed on each
region and within each region the fit yields extremely high coefficient of determination
values. At the transmit site the DPR data product underestimates rain rates throughout the
entire span when compared with the disdrometer, which agrees well with the rain rate
exceedance curves at the Tx site shown in Fig. 34. For the Tx site, three linear regression
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regions are required, and the fits produce an exceptionally high coefficient of
determination values.
The linear regression models are applied to the DPR data, and the resulting exceedance
probability plot is shown in Fig. 38. As expected, there is very little change at the Rx site
given the unitary slope of the linear fit up to 60 mm/hr. At the Tx site, the fitted DPR data
has converged with the disdrometer rain rate measurements.

Fig. 38. Comparison of exceedance probabilities between NEXRAD DPR, disdrometer and “fitted” DPR
rain rate data using dual linear fit at receive site (left) and the tri-region linear fit at the transmit site (right).

The dual-linear fitting model at the receive site appears to correct for some of the
underestimations noted at the tail end of the exceedance plot, but it is not clear that
implementation of this fitting model would be appropriate for a multiple year statistical
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analysis. For the remaining analysis, a maximum limit of 60 mm/hr will be enforced on
the DPR rain rate data.
It appears possible to statistically fit the NEXRAD DPR estimate to the disdrometer rain
rate measurements at the transmit site. However, it is unclear how to transition from the
dual-linear fitting model at the receive site to the tri-linear model at the transmit site. Inlieu of fitting the rain rate data at the transmit site, a spatial filter may be imposed to
reject data for which the NEXRAD system indicates rain in a region that is bounded on
one end by the transmit site and on the other side, extending along the WTLE path
towards the receiver, to some pre-defined geometric coordinate.

IV.3 Selection of Boundary to Establish Exclusion Zone for NEXRAD Data
Several possibilities exist for where to assert the other end of the geometric constraint for
the spatial filter. In [34], it is stated that the Quantitative Precipitation Estimation (QPE)
algorithm, used to generate the DPR product, “uses the lowest elevation angle possible to
compute these rates”; the lowest possible elevation angle that is used by every VCP is
0.5°. Unfortunately, the literature is not explicit regarding the exact specifications used to
define the lowest possible angle. The NCEI provides an interactive mapping that allows
for any of the radar data products to be displayed along with an overlay of the radar
coverage zones for each radar. In Fig. 39 the interactive map has been zoomed to the
WTLE link and the “best” radar coverage, defined as 4000 ft above ground level, is
shown for the KABX NEXRAD site that services the area. The indicated radar coverage
extends beyond the peak of Sandia Mountain which is 4740 ft higher than the altitude of
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the KABX radar site and provides further proof of the suspicion that the NEXRAD data
at the Tx site is not entirely trustworthy.

Fig. 39. NCEI interactive map zoomed to WTLE site and overlaid with “best” radar coverage. Adapted
[reprinted] from https://gis.ncdc.noaa.gov/maps/ncei/radar

The National Weather Service Radar Operations Center was contacted via their online
“Questions and Comments” form to obtain more information on the parameters used for
the blockage file. It was indicated that it was not possible to obtain specifics of how the
QPE algorithm handles beam blockage. However, information regarding general beam
blockage information may be found in the NEXRAD Level III Storm Total Accumulation
product supplemental data. On a side note, no supplemental data was located within the
DPR product. Table V summarizes the exclusion zones indicated by the supplemental
data for the NEXRAD KABX site.
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TABLE V
NEXRAD KABX SITE DUAL POLARIZATION EXCLUSION ZONES

In Fig. 40 the beam blockage file parameters are geometrically shown relative to the
WTLE equipment locations. By comparing Fig. 40 with Fig. 39 it is apparent that the
“best coverage” extends several kilometers beyond the extents provided in the exclusion
zone. The QPE algorithm indicates if a static beam blockage file exists the next highest
acceptable elevation angle will be used.

Fig. 40. NEXRAD beam blockages indicated by beam blockage file. Adapted [reprinted] from “WTLE
Geometry.” 35°07’05” N and 106°32’34” W. Google Earth 25-Feb-2018. 24-Jul-2018
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The intersection of the NEXRAD KABX exclusion zone with the WTLE path is a
plausible locale for the boundary of the spatial filter. When measured along the WTLE
path, this intersection occurs 16.5 km from the receiver. In Fig. 41 several rain events
captured by the NEXRAD system are selected to provide a graphical representation of
the distribution of DPR rain rate data along the path. Fig. 41 provides a perspective of the
limitation that a spatial filter set at 16.5 km imposes on the data, and unfortunately all
events would be eliminated from the attenuation estimation analysis.
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Fig. 41. Graphical view of the distribution of rain rates along the WTLE link with the proposed exclusion
zone at 16.5 km indicated along the vertical axis. On 19-Jul (top) both events, 01:00 & 03:45 are within the
last exclusion zone only, and on 5-Jul (bottom) all events would be excluded regardless of the zone chosen.
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Further investigation into the geometry of the NEXRAD system relative to the terrain in
Albuquerque may allow for a reduction of the exclusion zone. A point may be identified
where the NEXRAD beam intersects the mountain at its lowest VCP scan elevation angle
of 0.5° when the beam lies directly underneath the WTLE path. When measured along
the WTLE path, this occurs 20 km from the receiver. A comparison of rain rate
exceedance curves at various DPR bins along the WTLE path was performed, and a
graphical representation of the inquiry is shown in Fig. 42 to identify a specific location
for the spatial filter boundary. The assumption is that somewhere along the WTLE path
the DPR data may begin to diverge in some identifiable way. It is an extension of the
results discussed in §IV.2, where it was shown in Fig. 34 that the exceedance curves,
DPR vs. disdrometer, were well matched at the receive site and diverged radically at the
transmit site. Upon close inspection of the groupings within Fig. 42, e.g., red (0-3 km),
orange (4-7 km), yellow (10-13 km), it may be seen that the groupings are well behaved
until a point somewhere beyond 15 km after which the statistical characteristics of the
rain rate data begins to diverge at both low and high rain rates. The anomaly is indicated
within Fig. 42 by the inset text boxes and arrows.
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Fig. 42. Rain rate exceedance curves for bins located along the WTLE path, the textboxes inset within the
figure indicate that the observed divergence in DPR rain rate data starts somewhere beyond 15 km.

In Fig. 43 rain rate exceedance curves for DPR bins located between 14.3 and 17.2 km
from the receiver are shown, and the first statistical outlier occurrence is found at 16.3
km. A geospatial view of this bin location relative to WTLE is shown in Fig. 44. When
compared with the intersection of the NEXRAD exclusion zone with the WTLE path
there is substantial evidence to support that the bin located at 16.3km from the receiver
may be selected and the spatial filter that will be applied to the data for attenuation
studies is resolved.
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Fig. 43. Rain rate exceedance curves for DPR bins located between 14.8 & 17.2 km from the WTLE
receiver. The first statistical outlier occurs at 16.3 km.

Fig. 44. Geospatial view indicating the location of the outlier found in the DPR exceedance analysis, in
addition to the intersection of the NEXRAD exclusion zone with the WTLE path.
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The statistical similarity in the rain rates provided by the NEXRAD DPR product and the
disdrometer measurements give credence towards the notion that performing a statistical
estimate of attenuation on the WTLE path may be realizable. In the following section, the
ITU 838-3 rain rate model is used in conjunction with NEXRAD DPR data to estimate
the attenuation due to rain along the WTLE path at 72 GHz, and the result is compared
with direct observations.

IV.4 Comparison of Receiver Attenuation Observations to Estimates
Obtained by Applying ITU 838-3 Model to NEXRAD DPR Data
As discussed in §II.1.iii, the preeminent model for calculating rain attenuation using rain
rate data is the ITU 838-3 recommendation. In this section, the ITU model is used in
conjunction with the NEXRAD DPR data, and the resulting estimate for attenuation on
the link is compared to the attenuation observed with the WTLE beacon propagation
hardware. The ITU model is applied to the DPR data using the following procedure:
1. Compute specific attenuation [dB/km] for each DPR bin, 𝐴 = 𝑎𝑅 , with R being
the DPR rain rate estimate given for each bin.
2. Multiply the specific attenuation for each bin by the distance subtended by the
WTLE beacon in the respective bin to compute an estimate of “bin” attenuation
[dB].
3. Integrate/Sum all “bin” attenuations to compute an estimate of total link
attenuation [dB].
The data range, 14-May-2017 to 30-Sep-2017, and data conditioning that was used in
§§IV.2 & IV.3 to conduct statistical analysis of rain rates are identically used in the
analysis conducted in this section with the addition of the following constraints. While
antenna wetting effects cannot be eliminated [46], data from 2016 is not included in
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subsequent attenuation estimation analysis because the hydrophobically treated radome
was not installed until 31-Oct-2016. Additionally, to minimize the inclusion of
attenuation due to clouds, a conditional statement is applied to visibility sensor
measurements that excludes data for which the visibility is less than 1000 m. A histogram
of visibility data for the date range of interest is shown in Fig. 45 and the bimodal
distribution provides a clear distinction for when clouds are present on the mountain. The
distribution drops off when the visibility is 1000 m. Lastly, the spatial filter is applied to
eliminate data for which the Tx site disdrometer indicates or the NEXRAD system
indicates rain anywhere along the link starting at the transmitter and extending towards
the receiver up to a point along the link that is 20km from the receiver.

Fig. 45. Visibility data from 2017 monsoon season, showing a distinctly bimodal distribution that
delineates when clouds are and are not present at the Tx site atop Sandia mountain.
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In a similar manner to the scatterplot shown in Fig. 32 a scatterplot has been generated to
compare the attenuation observed on the co-pol channel with the estimated attenuation, as
shown in Fig. 46. Both observed and estimated attenuation data sets are sorted by the
observed attenuation preserving the respective time that the equipment recorded the
event. There are 104097 samples included in the “raw data” set (blue dots), while each of
the “averaged” data points (red dots) are comprised of an average of 100 raw samples.
The raw and averaged data can be compared with the “ideal fit” (black dashed line) that
is included to provide a visual indication of a model that would correctly estimate the
observed attenuation. Trendlines are shown for the raw data (blue), and the bin-averaged
data (red), indicating a correlation between the attenuation estimate and the observation
and, in both cases, it appears that the ITU model is slightly overestimating the
attenuation. However, the significant variance in the raw data is noted, and as with the
comparison between the DPR data and the disdrometer data, it is assumed that the issue is
likely attributed to temporal asynchronization between the DPR and receiver data sets. It
is also noted that the averaged data is very nearly identical to the raw data and the
averaged data will be omitted from the rest of the scatterplots.
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Fig. 46. Scatterplot of observed attenuation compared with estimated attenuation where the ITU 838-3
model is used to calculate estimated attenuation

As with the rain rate correlation analysis conducted in §IV.1, the observed and estimated
attenuation datasets are independently sorted, and the resulting scatterplot is showing in
Fig. 47. The data and corresponding curve fit indicate, with a high coefficient of
determination value, that the ITU model is underestimating attenuation at levels below 7
dB and overestimating attenuation at levels above 20 dB.
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Fig. 47. Scatterplot of estimated and observed attenuation with independently sorted data sets. Both the raw
data points and the curve fit indicate that the ITU model is overestimating attenuation. The inlaid figure is
zoomed into the origin of the main plot (the lower attenuation levels)

The scatterplot inlaid within Fig. 47 is the same data set zoomed into the lowest
attenuation levels. The NEXRAD ITU attenuation estimate remains at 0 dB until the
observed attenuation is 0.7 dB. It would not be appropriate to interpret this as a lower
threshold on the attenuation estimate since many estimates fall below 0.7 dB. The
hypothesis is that a bulk of the observed attenuation events that reside between 0 and 0.7
dB occur during normal operating conditions and are a manifestation of the method used
to generate a reference signal level that was discussed in §III.7.iii. Low attenuations may
be observed in Fig. 48, where the receiver data (blue) is shown for July 2017 and
instances of observed attenuation levels that fall within the 0 to 0.7 dB range have been
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highlighted. In most of these cases, the attenuation estimate will be zero because the DPR
product does not indicate rain on the path.

Fig. 48. The received signal on the 72GHz Co-Pol channel during July 2017. Indices have been highlighted
in yellow when the observed attenuation (Att_Obs) is < 0.7 dB.

In addition to the data filters that have been discussed and applied a restriction may be
imposed such that further analysis includes only those times that rain is observed between
the receiver and the bin which defines the exclusion zone within the DPR product. A
potential implication to the use of such a filter is that the negative consequence on the
overall attenuation statistics. To provide a visual indication of the impact to the observed
attenuation statistics exceedance curves have been generated after the application of each
filter and plotted in Fig. 49. The blue line “2017” in Fig. 49 shows the observed
attenuation exceedance probability curve for the 2017 monsoon season from 14-May-
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2017 to 25-Sep-2017 and includes 115,187 samples after ensuring that all systems are
working nominally. The dashed red line is the exceedance curve of the data after
applying the first filter, “DPR_Rx2Bin,” and includes only those times that the NEXRAD
system indicates rain between the receiver and the exclusion zone boundary that is
located 16.3km from the receiver. The table inset within Fig. 49 indicates that Rx2Bin
filter has removed 110,501 samples or 95.93% of the data. Zeros are used to replace each
sample that is stricken from the database to ensure the exceedance percentages are
maintained. If this was not performed the curve would be skewed and would indicate that
high attenuation levels occur much more frequently. It may be noted that the filter only
removed attenuation events below 12dB of observed attenuation when the difference
between the raw 2017 database and the database after applying the Rx2Bin filter is
reviewed. Specifically, the exceedance probability at 0.05 dB has changed from 31.38%
to 3.616%, while the exceedance curve maintains a similar slope at attenuation levels
above 1 dB. The “Disd_Tx” filter removes all instances that rain is observed by the
disdrometer located at the transmitter site, and the slope of the exceedance curve has
changed dramatically indicating that higher attenuation events occur much less
frequently. The significant drop in higher attenuation levels is expected as it was shown
earlier that it rains more often and heavier at the transmitter site atop Sandia Peak. The
“DPR_Bin2Tx” filter removes all instances for which the NEXRAD system indicates
rain anywhere along the link between the exclusion zone boundary and the transmitter.
Comparing the Disd_Tx exceedance curves with that of Bin2Tx, the slope is roughly
similar, but the frequency of higher attenuation events has again decreased. The “Vis”
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filter removes all instances for which the visibility sensor indicates <1000 meters of
visibility. Comparing the exceedance curve between the Bin2Tx filter and the visibility
filter it is interesting to note that the only the exceedance statistics below 20dB of
attenuation have been modified. The finding may indicate that attenuation due to clouds
on the WTLE link is limited to 20dB. The last filter, DPR_60mm/hr, removes all
instances for which the DPR estimate is higher than 60mm/hr. The filter has dramatically
reduced the attenuation statistics above 20dB, which are correlated with higher rain rates
along the path.
When the “Rx2Bin” and “Bin2Tx” spatial filters are applied to the data, a 1 min buffer is
added to account for the time asynchronization between the NEXRAD system and the
WTLE hardware. The buffer is applied by extending the time both before and after rain
events are indicated within the NEXRAD DPR product. For example: suppose the DPR
data product indicates rain between the receiver and the exclusion zone bin and that the
event started at 07:01 AM and stopped at 08:29 AM, and further assume this is the only
rain event for the day. After applying the Rx2Bin filter, the analysis would now only
include data from 07:00 to 08:30 AM and exclude all other times during this day.
Afterward, it is found that the DPR data product indicates rain between the exclusion
zone and the transmitter from 08:01 to 08:14 AM. The Bin2Tx filter would then exclude
data from 08:00 to 08:15 AM. The final analysis would include data for this day between
the following time intervals, 07:00-08:00 & 08:15-08:30 AM.
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Fig. 49. Exceedance curves of observed attenuation after the application of various filters.

A scatterplot of the data set, obtained after applying all filters, is shown in Fig. 50. The
ITU model is now only slightly underestimating attenuation below 25dB and is
overestimating above that. By comparing the inset of Fig. 50 with that of Fig. 47 the
estimated attenuation curve begins to indicate attenuation due to rain at 0 dB instead of
0.7 dB. With minimal change to the attenuation statistics, the filter has reduced the
percentage of instances that the estimate is zero when the observation is greater than zero.
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Fig. 50. Scatterplot of predicted vs. observed attenuation after all filters have been applied to the 2017 data.

In this section, it has been shown that an attenuation estimate may be obtained from the
DPR data and that, for this application, the ITU model does not accurately reflect the
attenuation statistics. The estimate underpredicts at low attenuation levels and
overpredicts above an observed attenuation of 25 dB. In the following section, an attempt
will be made to optimize the rain rate power law model coefficients (𝑎 and 𝑏).

IV.5 Rain Rate Model Coefficient Optimization - Estimating Attenuation
Using NEXRAD DPR Data
In this section, it is hypothesized that it is possible to optimize the rain rate power law
model coefficients (𝑎 and 𝑏) to produce a statistically accurate estimate of the attenuation
observed on the WTLE path during the 2017 monsoon season using the NEXRAD DPR
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data. In this context, it is assumed that optimization of the coefficients is achieved when
the root mean square error between observed and estimated attenuation is minimized.
The following steps are used to calculate the mean square error:
1. Obtain N samples by applying the five filters with their respective buffers
discussed in §§IV.2, IV.3 & IV.4: (DPR_Rx2Bin, Disd_Tx, DPR_Bin2Tx,
Visibility, and DPR_60mm/hr).
2. Apply rain rate model to NEXRAD DPR data to yield attenuation estimates.
3. Obtain observed attenuation data for each sample point determined in step 1.
4. Independently sort attenuation estimates and observations in ascending order.
5. Calculate the root mean square error (RMSE), as in (8):
𝑅𝑀𝑆𝐸 =

∑

(𝐴𝑡𝑡_𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐴𝑡𝑡_𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 ) 

A scatterplot using various a and b coefficients is provided in Fig. 51 to illustrate the
effect of adjusting the rain rate model coefficients on the attenuation estimate and the
resulting RMSE.
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(8)

Fig. 51. Scatterplot of estimated vs. observed attenuations, in the plot legend the aRb coefficients that were
used are listed along with the corresponding RMSE.

To optimize the parameters findings from [18, 24, 31, 15, 10] are used to constrain the
range applied to the rain rate model coefficients, specifically 0.735 ≤ 𝑎 ≤ 1.67 and 0.36 ≤
𝑏 ≤ 1.02. Using a linear spacing of 20 elements for each coefficient, 𝑎 and 𝑏, the RMSE
for each iteration is calculated, and a contour plot of the results is provided in Fig. 52.
The coefficient values that minimize the error are 𝑎=1.473 and 𝑏=0.4295, as indicated in
the textbox within Fig. 52.
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Fig. 52. 3D (right) and 2D (left) contour plots of RMSE as a function of the rain rate model coefficients, a
and b. Values of a and b that minimize the error are indicated in the textbox embedded within the 2D
figure.

A scatterplot is shown in Fig. 53 to compare the attenuation observations with associated
estimates after applying the rain rate coefficient optimized values obtained through
RMSE minimization, 𝑎=1.473 & 𝑏=0.4295, and values obtained from the ITU model. At
<10dB of attenuation the optimized model tracks the observations much more closely and
at attenuation over 25dB the optimized model performs much better with a maximum
error of 11.63 dB as compared to the ITU model which has a maximum error of 37.38
dB.
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Fig. 53. Scatterplot to compare attenuation observations with estimates when the optimized rain rate model
coefficients, a=1.473 & b=0.4295, are used and when ITU 838-3 model coefficients are used.

Exceedance probability curves of attenuation observations and estimates generated with
optimized coefficients and with ITU model coefficients are shown in Fig. 54. The Co-Pol
and X-Pol channels have a similar curvature and while it appears that more attenuation
was observed on the X-pol channel. It is likely that this error is due to the generation of
the reference signal. The ITU model underestimates attenuation below 10dB and
overestimates attenuation above 20dB, which is consistent with the scatterplot
observations. The optimized model underestimates attenuations in the region between 15
and 20 dB and at probability levels below 0.25% begins to overestimate attenuations.
There are 1801 instances included in the data set used to generate the exceedance curves
and accounts for four observations at an exceedance of 0.25%.
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Fig. 54. Exceedance probability curves of 2017 data comparing attenuation observations on both Co-pol &
X-pol channels with attenuation estimates produced using optimized coefficients and ITU model
coefficients.

IV.6 Optimized Rain Rate Model Testing
The optimized model is applied to data obtained during the 2018 monsoon season, 1May-2018 to 30-Sep-2018, to test the versatility of the optimized model coefficients
obtained with the 2017 data set and the resulting exceedance probability curves are
shown in Fig. 55. The ITU model consistently overestimates attenuations for the entirety
of the 2018 database, while the optimized coefficients slightly overestimate attenuations
below 15 dB and provide a reasonable statistical estimate at higher attenuations.
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Fig. 55. Exceedance probability curves of attenuation observations and estimates using 2018 monsoon
season data.

A second test of the model validity may be conducted by applying it to a data set which
combines both 2017 and 2017 monsoon seasons. Additionally, the data set is expanded
by removing the filter which constrains it to those times when the NEXRAD system
indicates rain on the link anywhere between the receiver and a point 16.3 km from the
receiver. The other filters are still applied because it was shown that the NEXRAD
system does not produce reliable results when it indicates a rain rate higher than 60
mm/hr, or it observes rain near the mountain and because it is prudent to minimize the
inclusion of attenuation due to clouds in the statistics. The subset of data now includes
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256962 samples of data observations and the exceedance probability curves of the
attenuation observations and estimates are shown in Fig. 56.

Fig. 56. Exceedance probability curves of rain attenuation observations and estimates upon combining both
2017 and 2018 monsoon seasons and removing the Rx2Bin filter.

The optimized NEXRAD model is statistically converged to the observations, diverging
at 0.002 % exceedance or 5 samples. The ITU model is overestimating attenuations
beginning at 0.03 % which occurs at 25 dB.
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CHAPTER V: DISCUSSION & CONCLUSION
V.1

Results Overview and Discussion

The techniques employed in this analysis represent a significant advancement in the
ability to predict attenuation due to rain at 72 GHz for terrestrial links by enabling the use
of historical archives of publicly available National Weather Service NEXRAD data. The
establishment of this modeling approach coincides with movement by the communication
industries towards the W/V-band spectrum. The successful installation and continual
operation of the W/V-band Terrestrial Link Experiment transmitter, receiver, and
meteorological equipment stations were essential to this effort. The extended duration of
the scientific experiment, with data collected over multiple monsoon seasons, enabled the
creation of this synthetic technique, blending data from NEXRAD with data collected
using WTLE RF and meteorological equipment.
In §IV.1, it was shown that observed attenuation was positively correlated with
disdrometer measurements and that there was significant variance in the rain rates
relative to the amount of observed attenuation. The significant variance resulted in fit
functions that were unreliable and had low values for the coefficient of determination.
Ultimately the analysis led to the conclusion that point measurements by the disdrometers
located at the transmit and receive sites were insufficient for yielding a model that could
accurately estimate path attenuation due to rain.
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In §IV.2, the NEXRAD radar was proposed as a solution for obtaining a distributed sense
of rain on the WTLE path and the Digital Precipitation Rate (DPR) product was
compared with disdrometer measurements at the respective sites. An important discovery
was the ability to employ a scatterplot to compare the NEXRAD DPR data to the
disdrometer measurements after independently sorting the data sets. The discovery led to
the development of functions that could be used to fit the DPR data to the disdrometer
measurements and produced rain rate exceedance curves that were nearly identical. It was
shown that at the receiver site the rain rate statistics diverged at rain rates higher than 60
mm/hr and a filter was created to exclude data for which these high rain rates were
observed. At the transmit site the NEXRAD system grossly underestimated rain rates
when compared with the disdrometer.
In §IV.3, the statistical discrepancy at the transmit site was further examined and
blockage zone parameters were identified within the NEXRAD Storm Total
Accumulation data product. The blockage zone parameters were used to locate a distinct
position (16.3 km from the receiver along the WTLE path) where the DPR statistics
began to diverge from their norm. Filters were created to exclude data for which the
NEXRAD system indicated rain anywhere along the WTLE path from this junction to the
transmitter. An additional filter rejected data when the disdrometer located at the
transmitter observed rain.
In §IV.4, further analysis indicated that two additional filters were required to obtain a
well-conditioned database that would facilitate the estimate of attenuation due to rain on
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the WTLE path. The first filter isolated times where visibility was high on the mountain,
i.e., no clouds were present at the transmit site. The second filter isolated the data set to
include only those times when the NEXRAD system indicated rain anywhere on the
WTLE path between the receiver and the point 16.3km from the receiver. The subset of
data was used to compare observed attenuation to estimates that were obtained via
application of the ITU 838-3 rain rate model recommendation to the NEXRAD DPR
data. Using the independent sorting scatterplot technique that was discovered in §IV.2, it
was shown that the ITU model was not a good fit for the NEXRAD estimation technique
as it slightly underestimated at lower level attenuation levels and vastly overestimated at
higher attenuation levels.
In §IV.5, optimization of the rain rate model coefficients was conducted by minimizing
the mean square error between observed and estimated attenuation. The rain rate model
coefficients that produced the minimum mean square error were found to be within
theoretical ranges, and the optimized model yielded attenuation estimates that were
statistical well matched to the observations especially at higher attenuation levels.
In §IV.6, the optimized rain rate model was tested using data from the 2018 monsoon
season, and the resulting attenuation estimate statistically matched the observations.
Further testing was conducted by combining the 2017 and 2018 databases and removing
the filter that only selected times when the NEXRAD system observed rain in the region
near the receiver. The resulting estimated attenuation statistical exceedance curve nearly
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matched attenuation observations and was found to be a vast improvement over the ITU
838-3 recommendation.

V.2

Limitations

The most significant limitation of this study is the inability to trust and therefore use the
NEXRAD data in the vicinity proximal to Sandia mountain. This limitation prevented
generation of exceedance curves that represent the WTLE 72 GHz receiver rain
attenuation observations.
Due to the unique drop size distribution in the Albuquerque area, it is anticipated that the
optimized rain rate power law model coefficients obtained in this analysis may not apply
to NEXRAD data acquired in other geographic regions.
There is considerable variability in the statistics of rain rates from one year to the next,
which has been shown to statistically converge when the database spans five consecutive
years [48, 49]. This analysis was performed using only two years of data, and so there is
some likelihood that there will be a slightly different distribution of rain rates observed in
future NEXRAD observations. It is anticipated that the effect will result in a minute
adjustment of the fitting parameters, a and b. Especially when considering the quality of
the statistical estimate when the optimized coefficients yielded from 2017 monsoon
season data were applied to the 2018 monsoon data.
The criteria used to generate the rain specific channel reference level may be lacking
precision and could affect the quality of the optimization by skewing the calculation of
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observed attenuation. While significant time was invested in establishing the reference
routine, there is some risk associated with its implementation. With enough data, the error
should converge to a standard distribution with zero mean, unless it is always biased in
one direction, i.e., the calculation yields consistently higher (or lower) values of observed
attenuation than it should.

V.3

Future Work

Operation of WTLE should persist for a minimum duration of 5 years in order to ensure
convergence of the seasonal variability in rain rate statistics. Data from each year may be
used for training purposed, and the resulting coefficients may be applied to the other four
sets of data. In this scenario, the desired outcome would be a set of 4 coefficients that
differ insignificantly.
The optimization scheme that was used for this analysis, namely the SRME minimization
with differences calculated in logarithmic space, may need to be revisited and optimized.
If attenuation was converted from dB to a linear ratio, the resulting difference and thus
SRME would tend to emphasize the most significant differences.
As discussed in §II.5, the NEXRAD DPR product is estimated using the lowest elevation
angle of the radar system and is only provided once per VCP. The radar beam at its
lowest elevation scan angle, 0.5°, intersects the WTLE path at a point that is 20km from
the receiver. Using NEXRAD Level II data all elevation angle sweeps are available, and
it is possible that data from higher elevation sweep angles may alleviate issues associated
with the exclusion zone. Any efforts to process and convert raw radar data from reflected
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power to rain rate would require significant tool development. If this was achieved, then
the corresponding rain rate data would be available at much higher sampling intervals
and may reduce the exclusion zone applied to the WTLE data.
The difficulties associated with appropriately measuring the atmospheric constituents
along the 23.5 km WTLE path encouraged/directed/promoted the installation of a 600 m
“short link” with disdrometers located at both the receive and transmit sites. The link was
established June 2018 on Kirtland AFB by repurposing the 84 GHz WTLE receiver. The
link will allow disdrometers DSD measurements to be used along with Mie scattering
theory to estimate attenuation. It may be possible to use the short link attenuation
observations and the techniques developed in this dissertation study with NEXRAD DPR
data to obtain optimized rain rate power law model coefficients and compare them with
those obtained in §IV.5.

V.4

Lessons Learned:

A study was conducted in UNM’s anechoic chamber to pick a suitable radome material
for the WTLE transmitter. Material selection was based on minimization of attenuation at
72 & 84 GHz while balancing the assumed need for structural integrity to prevent
infiltration in the off chance of flying debris striking the transmitter. The material that
was selected that addressed both requirements was Rogers Duroid 5880 0.13mm. After
several weeks of operations, a strange and unexpected phenomenon was noted to happen
every day in which the signal power would change abruptly and then settle back as if an
impulse was applied to the system. Upon further analysis, it was found that the problem

110

occurred every day near sunrise and sunset, and more specifically the anomaly occurred
when the sun first struck the radome in the morning and then reciprocally right after
sunset when the radome stopped receiving solar loading. While the exact phenomenology
was never fully explained, the going hypothesis is that solar loading induced a thermal
gradient in the material, the inside air temperature of the transmitter box is regulated, and
that gradient induced a change in the refractive index of the material. The next best
radome candidate was the C-FOAM PF-2 and the C-FOAM PF-4 closed cell foams from
Cuming Microwave, which had the least amount of attenuation. The foam was installed
at the transmitter, and the phenomenon ceased.
Due to higher than expected output power levels, it was found that both the 72 GHz and
84 GHz receivers were both saturated. Thorough analyses were conducted by introducing
variable attenuation levels at both the receiver and transmitter locations, and it was found
that both the 72 and 84 GHz receivers were saturated by nearly 10 dB, with a maximum
of 4 dB of compression. Saturation mitigation was accomplished with the insertion of two
10 dB attenuators in the receiver RF chain between the 1st and 2nd IF amplifier stages.
Unfortunately, this issue was not immediately identified, and the receivers were operated
in a saturated condition for nearly one year, through Oct 2016. While a saturation
correction curve was generated, with high confidence, saturated data were excluded in
this analysis to ensure the highest levels of data validity and reliability.
The receiver dish, the reflector, and a foam plug that is placed on the exposed end of the
waveguide feed horn were all treated with a hydrophobic coating before the experiment

111

was initially installed. It was anticipated that the hydrophobic treatment would provide
effective mitigation against wet antenna effects. Even with these preventative measures,
it was found that antenna wetting effects contributed to upwards of 19dB of attenuation
when rain was present at the receiver. On October 31st, 2016 a hydrophobically treated
radome was installed on each receiver, which effectively mitigated the antenna wetting
effect. The radome is constructed using the PF-2 and PF-4 closed-cell foams that were
selected upon conclusion of the radome material selection study conducted for the
transmitter. While wet antenna effects are present even after the addition of the radome,
the data in this analysis only includes times when a radome is installed on the receiver.
Fortunately, the data that was excluded coincides with the period that was excluded to
avoid issues with receiver saturation.
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APPENDICES
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APPENDIX A DETAILED DESCRIPTION OF
METEOROLOGICAL EQUIPMENT
DATALOGGER
A Campbell Scientific CR6 series datalogger, as shown in Fig. A-1, is used to acquire
meteorological data at both the WTLE transmitter site and the SHS deployment. Most
sensors (excluding those that use RS485 serial communications) are measured using the
“U terminals” or Universal terminals on the datalogger. Power for each sensor, except for
the disdrometer and visibility sensor, is provided directly by the datalogger. Serial
communication sensors are accessed using the “C terminals” on the dataloggers. Settings
for the terminals are set in the programming of the datalogger.
Campbell Scientific uses its version of the Basic programming language called CRBasic.
Campbell Scientific supports all sensors except the disdrometer. The code can be created
using two different software programs from Campbell: ShortCut and the CRBasic Editor.
Both programs (as well as several others) are included in the software package entitled
Loggernet. There are two versions of Loggernet to consider. The first is Loggernet
Admin, which allows full access to all the programming features offered by Campbell
Scientific. The second is Loggernet Linux allows a Linux-based machine to act as a
server for dataloggers.
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Fig. A-1. Campbell Scientific CR6 datalogger. Adapted [reprinted] from https://www.campbellsci.com/cr6

BAROMETRIC PRESSURE SENSOR
At the transmitter and SHS deployment sites a Vaisala's CS106 Barocap®, as shown in
Fig. A-2, is used to measure barometric pressure, and a Young model 61302V is used at
the receiver. Both sensors models are silicone capacitive pressure sensors. The CS106
measures ±1 mb (millibar) in the range of 500mb to 1100 mb for the temperature ranges
expected during the experiment. The sensor is kept in a low-power mode until activated
by a control line voltage, thus saving power. Campbell Scientific mounts the CS106
internal to their enclosures. The enclosures are not pressure sealed. Therefore, the
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pressure difference internal and external to the enclosures is negligible. The CS106 is
read by first activating the control line, and then reading the signal line voltage.

Fig. A-2. Vaisala's CS106 Barocap® barometric pressure sensor. Adapted [reprinted] from
https://www.campbellsci.com/cs106

TEMPERATURE & RELATIVE HUMIDITY PROBE
At the transmitter and SHS deployment sites a Campbell Scientific HC2S3 temperature
and relative humidity probe, as shown in Fig. A-3, is used to measure temperature and
relative humidity, and a Young model 41382VC is used at the receiver. Both sensors
models use a Rotronic Hygromer® IN-1 capacitive sensor to measure relative humidity
and a 100Ω platinum resistance thermometer to measure temperature. Temperature is
measured in the range of -50°C to 100°C with an accuracy of ±0.1°C. To ensure accurate
temperature measurements that are not influenced by solar radiation a Relative humidity
is measured in the range of 0 to 100% non-condensing with an accuracy of ±0.8%. The
HC2S3, like the CS106, can be continuously powered or put into a low-power mode to
conserve power. Because utility power is present the HC2S3 is continuously powered to
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avoid startup delay and speed up measurements as desired. This sensor is read by a
single-ended voltage measurement for both the temperature and the relative humidity
with no control line requiring toggling.

Fig. A-3. Campbell Scientific’s HC2S3 temperature & relative humidity probe (left) and RAD10 solar
radiation shield (right). Adapted [reprinted] from https://www.campbellsci.com/hc2s3 and
https://www.campbellsci.com/rad10 (respectively)

WIND MONITOR
At all deployment sites an R.M. Young Company 05103, as shown in Fig. A-4, is used to
measure wind speed and direction. The 05103 measures wind speed in the range of 0 to
100 m/s with a resolution of 0.098 m/s. Wind Direction is measured in the range of 0° to
355° with 5° open. With a DC excitation voltage of 2.5 volts, 355° is calibrated to 2.465
volts in order to yield 2.5 volts at 360°. Wind speed is measured from a transducer
coil/magnet combination that yields an AC output signal. Wind direction is measured
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using a potentiometer whose resistance value changes based on the position of the
weather vane. On the programming side, pulses are counted for wind speed, and voltage
is sampled for wind direction (after sending out a control voltage).

Fig. A-4. R.M. Young Company 5103 wind monitor. Adapted [reprinted] from
https://www.campbellsci.com/05103-l

TIPPING BUCKET RAIN GAUGE
At the transmitter and SHS deployment sites a Campbell Scientific TE525WS tipping
bucket rain gauge, as shown in Fig. A-5, is used to record accumulated rain totals, and a
Young model 52203 tipping bucket is used at the receiver. An optical sensor is used to
send a voltage signal whenever the tipping mechanism activates. Any pulses produced
are counted by the datalogger and reported for a total rainfall measurement. The primary
difference between tipping bucket rain gauge models is the size of the tipping
mechanism, e.g., one model is calibrated to 0.1 mm/tip, while another is 0.254 mm/tip.
Lower tip registers yield greater resolution on the measurement while sacrificing
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accuracy at higher rainfall rates, and the water will saturate and miss the small tipping
mechanism.

Fig. A-5. Campbell Scientific TE525WS tipping bucket rain gauge. Adapted [reprinted] from
https://www.campbellsci.com/te525ws-l

DISDROMETER PSEUDO CODE
The disdrometer communicates via RS485 serial communications. Both Campbell
Scientific (the maker of the data acquisition unit) and Thies Clima were unable to provide
communication software that would work with Campbell Scientific's CR series
datalogger. Thus, it became necessary to generate custom code for data retrieval.
Following the manual's instructions, the basic operation of the disdrometer was first
confirmed. Inside the aluminum housing, mounted to the main circuit board, are some
LED indicators used for visual confirmation of the precipitation type detected by the
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instrument. After providing appropriate power to the instrument, a hand was passed
through the laser beam which caused an “unknown precipitation” reading from the
instrument. A cup of water poured into another cup provided the “rainfall” necessary for
the next test. The onboard LED indicator then gave a “moderate rainfall” reading. The
basic operation of the device was thus confirmed. Transmission of the telegram via
RS485 communications would be the next function to confirm.
By default, the instrument transmits its most data-laden telegram. Since this case is
desirable, attempts have not been made to change the settings on the device, and this
feature may be developed later. The goal of the custom program was to capture the
default telegram. The default telegram consists of 2212 characters, including the start
identifier (STX) and end identifier (ETX) characters. Entries and their respective
meanings are explained in some detail in the manual (pgs. 43-45), which makes sense
after some interpretation. An oscilloscope attached to the output lines confirmed the
presence of the default telegram (sent every 60 seconds), but not its interpretation.
As described earlier, Campbell Scientific provides software for generating code for each
of the sensors they provide in their arsenal. A few of these sensors were similar in
operation to the Thies Clima disdrometer in that they transmit their data over RS485
serial communication. The custom code was modeled after the code for Campbell
Scientific's CS135 ceilometer. After generating code for the CS135, the methods were
then adapted for use with Thies Clima's disdrometer
Pseudo code for this function is as follows:
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1. Open the appropriate COM port (with appropriate baud rate and parity specified)
2. Query serial communications buffer every 60 sec for its size (number of
characters)
3. If the size of the serial buffer is higher than 2200, then read the telegram
4. Split the telegram into numerical and non-numerical arrays
There is a myriad of information contained in the telegram, which was then split into two
different data tables by the datalogger program. The first disdrometer data table, labeled
“Disdrometer_Basic.” contains general information from the disdrometer as well as an
overview of what is contained in the spectrum. The second disdrometer table, labeled
“Disdrometer_Spect.” contains the spectrum identified by the instrument.
The “Disdrometer_Basic” table includes METAR data (identifying the precipitation type,
1 min averages, and 5 min averages), total precipitation rate, liquid precipitation rate,
solid precipitation rate, total precipitation amount, visibility, radar reflectivity, max
diameter of hail, and summary information about the spectrum. Summary information
includes the number of all measured particles, particles below the minimum speed,
particles above maximal speed, particles below the minimum diameter, and then provides
11 classifications for particles with their total number and volume. The spectrum is the
base measurement recorded by the disdrometer. Other outputs, including the visibility
and radar reflectivity, are calculated from formulas by the onboard processor.
The “Disdrometer_Basic” table provides an overall summary of the spectrum without
having to run the spectrum data through a post-processing algorithm. The
“Disdrometer_Spect” table includes the full spectrum of particles recorded by the
instrument in the prior 60 seconds. The spectrum is binned into 22 different diameters
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and 20 different speeds, yielding a total of 440 entries in the matrix. Speeds and
diameters classified by the instrument can be found below in Table A-I.
TABLE A-I
DISDROMETER CLASS BINNING FOR PARTICLE DIAMETER AND VELOCITY
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CS120A VISIBILITY SENSOR PSEUDO CODE
The CS120A communicates via RS485 serial communications. Customized programming
was not required for this sensor because Campbell Scientific supports it. Pseudo code for
reading this sensor is as follows:
1.
2.
3.
4.

Open the appropriate COM port
Poll the sensor
Read the telegram
Split the telegram into numerical and non-numerical values

By default, the CS120A transmits its full format telegram, which includes status variables
as well as the measurements of interest.
Upon installation at the transmitter site on Sandia Peak, it became apparent that loss was
higher than tolerable for this sensor. As a direct result of significantly high levels of RF
present at the transmitter site, the electromagnetic interference was suspected as the cause
for the data loss. To remedy this, the CS120A was wrapped in lead tape, especially the
electronics box at its base and pointed away from the Albuquerque valley floor. Both
actions drastically reduced the amount of loss in the telegrams sent from the sensor,
reducing it to a very usable level of approximately 2%.
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